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ABSTRACT 
Glutathione (GSH) has long been known to be an essential molecule in a number of 
important basic cellular functions including detoxification of reactive oxygen species, 
transport and storage of organic sulfur, and regulation of the cell cycle. Furthermore, GSH is 
essential in the detoxification of some heavy metals including cadmium through the 
production of phytochelatins. Because the accounts of heavy metal pollution are increasing 
due to human activities, heavy metal toxicity in plants is an important topic of study. To 
investigate the role of GSH-related functions in response to cadmium exposure I examined 
three distinct levels of GSH involvement in overcoming cadmium toxicity in the model plant, 
Arabidopsis thaliana. 
First, the expression of Arabidopsis phytochelatin synthase (AtPCSl) was targeted to 
the green portions of the plant in hopes of establishing plants capable of accumulating more 
cadmium in leaves. Transgenic lines were more tolerant of cadmium and had increased 
phytochelatin synthase mRNA accumulation and in vitro enzyme activity than their genetic 
parent. Despite this, transgenic lines did not produce more phytochelatins in planta, and the 
leaf-to-root distribution of cadmium accumulation did not change. While the initial goal of 
this project was not realized, this study led to a greater understanding of control mechanisms 
preventing cadmium accumulation. 
Second, utilizing wildtype (WT) and two mutants, vtcl-1 and cadi-3, the response of 
components of the ascorbate-glutathione cycle to cadmium stress was investigated. These 
three lines responded similarly to changes in antioxidant enzyme activities, but had differing 
transcript levels of biosynthetic genes, anthocyanins, and antioxidants. It was found that the 
vtcl-1 mutant has higher GSH levels than WT and is capable of producing higher 
concentrations of phytochelatins. 
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And third, how the proposed glutathione degradation pathway in Arabidopsis is 
affected by cadmium exposure was studied. Evidence is given that the y-glutamyl 
transpeptidase system in Arabidopsis is activated by the presence of cadmium. Implications 
of this finding are discussed. 
These three distinct projects have led to a greater understanding of the glutathione 
response to cadmium as well as insight into the various controls of this system. 
1 
CHAPTER 1. 
GENERAL INTRODUCTION 
DISSERTATION ORGANIZATION 
Chapter 1, General Introduction, gives an in-depth literature review and introduction 
to the pathways surrounding glutathione and phytochelatins and their role in heavy-metal 
detoxification. Also included is an introduction to the role of y-glutamyl transpeptidase and 
its participation in heavy metal stress response as well as a brief introduction to other 
components of the antioxidative pathway. Chapter 2 consists of a manuscript to be submitted 
for publication describing the effect of targeting the expression of phytochelatin synthase to 
the green portions of the plant. Chapter 3 consists of a manuscript to be submitted for 
publication showing the effect of treatment with cadmium on the ascorbate-glutathione cycle 
in Arabidopsis. Chapter 4 is a manuscript that discusses the role of the y-glutamyl cycle in 
response to stress treatment, and especially cadmium treatment. Chapter 5, titled General 
Conclusions, provides a summary and discussion of the three previous chapters. Appendix A 
contains several figures not found in the text showing important pathways as well as a vector 
construct used to generate transgenic plants. Appendix B is a summary of a project done to 
investigate the antioxidant system in various maple (Acer) taxa. 
INTRODUCTION 
Plant Heavy Metal Stress 
Throughout it's life, a plant is subjected to many physical and chemical stresses. This 
holds especially true for plants growing in post-industrial or post-mining environments where 
organic matter is scarce and toxic levels of many elements are found. Heavy metals are some 
of the worst pollutants in such environments. As elemental pollutants, and unlike toxic 
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organic molecules, heavy metals cannot be broken down into simpler molecular forms and 
rendered inert (Raskin et al., 1997). However, some heavy metals can be taken up by the 
plant and converted to other chemical forms that can be volatilized and thus made harmless 
to the plant. Still, most metals are not removed from the plant cell and may react with 
cellular constituents causing a variety of problems. Metals, with their unfilled electron 
orbitals, are reactive and can react with hydrogen peroxide (H2O2) and superoxide (O2") 
producing the hydroxy! radical and cause subsequent oxidative stress through reaction 
directly or indirectly with proteins and lipids. Copper and iron are examples of metals that 
interact directly with lipids and proteins via the production of a hydroxy! radical. Cadmium, 
on the other hand, indirectly causes oxidative stress by interaction with glutathione thus 
decreasing its availability as an antioxidant. 
Phytoremediation 
Phytoremediation, the utilization of plants to detoxify soils, air, or waterways, is 
becoming a popular method of decontamination for polluted environments (Salt et al., 1998; 
Meagher, 2000). The topic of phytoremediation has been extensively reviewed (see (Chaney 
et al., 1997; Raskin et al., 1997; Salt et al., 1998; Meagher, 2000)) so explanation of this 
topic will be limited to issues directly associated with the theme of this dissertation. 
Phytoremediation of soil metals is a promising low-cost alternative to traditional soil 
remediation (Pilon-Smits and Pilon, 2000). Most pollution of soils with heavy metals has 
occurred in regions that have experienced anthropogenic activities that resulted in soil 
disruption such as construction and mining. Some of the most important metal soil pollutants 
in the United States today include lead (Pb), cadmium (Cd), arsenic (As), chromium (Cr), 
Mercury (Hg), copper (Cu), and zinc (Zn) (Salt et al., 1998). There are three fundamental 
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strategies that plants can employ for metal remediation: phytovolatilization, 
phytostabilization, and phytoextraction. 
Phytovolatilization is a process in which the plant takes up a metal and through 
biochemical processes converts it into a volatile form, primarily by reduction. This process 
is known for only a limited number of metals including selenium (Se) and mercury (Hg). 
Some plants, including Astragalus, known to be tolerant to high concentrations of Se are able 
to metabolize inorganic Se to the volatile forms of dimethyl selenide and dimethyl diselenide 
(Terry et al., 2000). The ability to volatilize Se has been transferred to plants previously 
incapable of Se volatilization (Arabidopsis thaliana and Brassica juncea) via overexpression 
of the gene responsible for Se methylation from Astragalus bisulcatus (LeDuc et al., 2004). 
In contrast, the volatilization of hazardous organomercurials can only be accomplished by 
genetically engineered plants expressing the bacterial genes encoding mercurial lyase and 
mercuric reductase (MerB and Mer A, respectively). These genes are capable of processing 
Hg from a toxic organic form (R-CH2-Hg+) to a relatively inert elemental form (Hg(0)) 
(Bizily et al., 2000). 
Phytostabilization is the process by which plants secrete organic compounds that 
stabilize the metal pollutant in the soil effectively rendering it unavailable biologically. This 
process is useful in limited applications where the desired outcome is not removal from the 
soil. 
Phytoextraction is the process by which plants remove the metal from the soil and 
store it within the plant body. This type of phytoremediation is the most promising 
application of this technology for a number of metals including Pb, Cd, and As. The planned 
use of this technology is for plants of high biomass to take up metals into the accessible parts 
of the plant and then harvest these plants by using traditional techniques. One limitation of 
this process is that often the polluting metal meant to be removed from the environment is 
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accumulated primarily in the below-ground portions of the plant, making complete removal 
of the substance from the soil impossible. While there are a few naturally occurring species 
that will hyperaccumulate certain metals in their leaves and stems, the mechanism by which 
this occurs currently is not well understood. Additionally, some of these plants would not be 
environmentally compatible with the site in which the pollution occurs. 
As evidenced by the examples of Se and Hg detoxification, emerging 
phytoremediation technologies are relying heavily on the use of genetic engineering that 
utilizes endogenous metal detoxification pathways present in plants and bacteria. Some of 
these detoxification pathways include metal exclusion, translocation, and complex formation. 
Metal exclusion is a process by which the plant root exudes organic acids that bind with 
metals and prevent their uptake. Translocation is movement of the toxic metal from one area 
of the plant body to another. Formation of stable metal complexes within the plant is the 
most varied and complex detoxification mechanism. Plants are known to contain cysteine 
rich peptides such as metallothioneins, glutathione, and phytochelatins which are able to bind 
to metals and render them chemically inert. Metallothioneins (MTs) are a family of low-
molecular-weight proteins synthesized translationally and containing several conserved 
cysteine (Cys) residues that facilitate complexation with heavy metals. Upon metal binding 
to these conserved regions, the MTs are protected from proteolytic cleavage and effectively 
prevent metals from interfering with other normal plant functions (Robinson et al., 1993). 
MTs are also found in fungi and animals. Many MT-like genes have been identified in plants 
based on sequence comparison (Cobbett and Goldsbrough, 2002). The metal-detoxification 
abilities of glutathione and phytochelatins are discussed thoroughly elsewhere in this review. 
Additionally, some metals such as aluminum (Al3+) and cobalt (Co2+) can form 
complexes with organic acids such as malate, oxalate, and citrate (Ma et al., 2001; Oven et 
al., 2002b). These organic acids are often released from the roots where they form 
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extracellular complexes, but complex formation can also occur within the plant including Al-
oxalate and Al-citrate (Ma et al., 2001). Since citrate can participate in formation of these 
compounds, attempts to increase A1 tolerance by overexpressing citrate synthase have been 
used in Nicotiana tabacum and Arabidopsis thaliana with some success (de la Fuente et al., 
1997; Koyama et al., 2000). 
The metal examined in this dissertation is Cd. Fundamentally, the major obstacle in 
Cd detoxification is that in most higher plants, Cd is accumulated at the highest levels within 
the root (Mehra and Farago, 1994) with approximately 10 times less Cd accumulating in the 
leaves (Chaney et al., 1997). For plants to serve as effective removal systems of Cd, 
translocation of Cd to the leaves needs to be increased. 
Cadmium uptake and transport. 
In the natural environment accounts of high Cd concentrations within the soil are rare. 
However, Cd does accumulate where human interferences such as industrial disruption, 
construction, or mining have occurred (Sanita di Toppi and Gabbrielli, 1999). Soils 
containing more than 0.32 pM Cd in the soil solution are considered to be polluted (Wagner, 
1993). Cd is normally transported in its ionic Cd2+ form and as a nonessential element, there 
are no known Cd requiring functions within plants. However, the plant cannot prevent its 
uptake as it competes for nonspecific cation transporters required by metals like Ca, Mg, Cu, 
and Zn (Sanita di Toppi and Gabbrielli, 1999). The Nramp family of metal transporters in 
Arabidopsis are capable of transporting both Fe and Cd2+ (Thomine et al., 2000) while the 
Arabidopsis Fe2+ IRT1 transporter is also capable of transporting Cd, Zn, as well as Fe 
(Cohen et al., 1998). In Thlaspi caerulescens the heavy metal transporter ZNT1 transports 
both Zn and Cd (Pence et al., 2000). Currently, there is no known mechanism whereby plants 
can selectively exclude Cd2+ uptake and so movement of Cd2+ through the plant body 
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generally occurs via mass flow in the transpiration stream where Cd2+ may form complexes 
with phytochelatins (Gong et al., 2003) or organic acids (Foy et al., 1978) or may move as a 
free ion. 
As mentioned previously, there are no known functions of Cd within the plant and 
even at small concentrations Cd can show a deleterious effect on plant growth and cellular 
processes. Signs of toxicity from Cd include decreases in photosynthetic activity, restricted 
water and nutrient uptake, chlorosis, and, at high enough concentrations, death (Foy et al., 
1978; Sanita di Toppi and Gabbrielli, 1999). Additionally, plant biomass is decreased when 
grown in the presence of Cd (Dixit et al., 2001). Cd2+ can upset the plant water status by 
movement into guard cells via Ca2+ channels (Perfus-Barbeoch et al., 2002). In sunflowers 
(.Helianthus annuus), Cd causes a decrease in the activity of many enzymes associated with 
the antioxidative system such as superoxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX), dehydroascorbate reductase (DHAR), and glutathione reductase (GR) 
(Gallego et al., 1996). However, in Pisum sativum CAT, SOD, GR, and APX showed 
increases in activity when placed under Cd stress (Dixit et al., 2001). These findings suggest 
a complex interaction between the antioxidative system and the presence of Cd. 
Glutathione 
Glutathione (GSH) is an antioxidant molecule utilized ubiquitously within the plant in 
normal cell functions, and to quench reactive oxygen species either directly or indirectly. 
GSH is a tripeptide consisting of y-glu-cys-gly that is enzymatically synthesized in a two-step 
process with both steps requiring ATP (Figure 1). The first step is catalyzed by y-glutamyl 
cysteine synthetase (y-ECS) and results in the addition of glutamate to cysteine to form a 
gamma peptide bond. This is the rate-determining step of GSH synthesis (Arisi et al., 1997) 
and is highly regulated. The activity of y-ECS is regulated by feedback inhibition by GSH. 
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ATP 
• — -pi 
Glu + Cys 
GSH1 
y-Glu-Cys 
y-EC 
ATP 
ADP + Pi 
y-Glu-Cys + Gly 
y  
Xgs_Z » y-Glu-Cys-Gly 
GSH GSH2 
Figure 1. Biosynthesis of GSH. Abbreviations: ECS, y-glutamyl cysteine synthetase; 
GS, glutathione synthetase; Glu, glutamate; Cys, cysteine; Gly, glycine. 
Additionally, the gene encoding y-ECS, GSH1, is regulated at the transcriptional and 
posttranscriptional (possibly at the site of translation) levels (Ruegsegger et al., 1990; Xiang 
and Oliver, 2002). The second step of GSH synthesis is catalyzed by glutathione synthetase 
(GS). Both enzymes were isolated from Arabidopsis by functional complementation of 
mutants of Escherichia coli (May and Leaver, 1994) and Schizosaccharomyces pombe 
(Wang and Oliver, 1996). In Arabidopsis, single copy genes encode both y-ECS and GS, and 
alternative splicing allows the GSH2 gene to be targeted to the cystosol or chloroplast 
(Skipsey et al., 1999). In tomato (Lycopersicon esculentum) and Brassica juncea there are 
multiple copies of each gene (Cobbett et al., 1998). 
GSH has specific properties that enable it to function well as an antioxidant molecule. 
The plasticity of the cysteine molecule allows GSH to become oxidized and form glutathione 
disulfide (GSSG). GSSG is converted back to GSH by a number of different glutathione 
reductases (GR) (2 in Arabidopsis) that utilize NAD(P)H as a source of reducing equivalents. 
GSH is an extremely stable molecule. The y-linkage of the glutamate and cysteine molecule 
is not subject to degradation by known proteolytic enzymes save y-glutamyl transpeptidase 
(Taniguchi and Ikeda, 1998). GSH is found throughout the plant and can be present in to 
millimolar concentrations (Noctor and Foyer, 1998). GSH plays a major role in sulfur 
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metabolism and as the largest pool of cysteine in the plant, GSH is important in controlling 
sulfur availability (May et al., 1998; Foyer et al., 2001). 
GSH participates in a number of cell-maintenance functions. The thiol group on GSH 
can react with a number of different organic and inorganic molecules. In most cases, this is 
facilitated by a group of enzymes called glutathione-S-transferases (GST's) (Marrs, 1996). 
Following complexation, these conjugates are transported to the vacuole where they are 
stored. One example of an endogenous molecule that is transported to the vacuole following 
complexation with GSH by GSTs is anthocyanin. Anthocyanin pigments function to protect 
a plant from the deleterious effects of high energy UV light (Holton and Cornish, 1995). 
Anthocyanins are synthesized in the cytosol and are then conjugated with GSH by the 
enzymatic action of GST's and subsequently sequestered to the vacuole. This reaction is 
dependent, in part, upon the availability of GSH. Arabidopsis antisense GSH1 plants 
possessing low amounts of GSH are not able to sequester as many anthocyanins in the 
vacuole as are wild type (WT) (Xiang et al., 2001). 
GSH is also involved in many maintenance functions within the plant cell. For 
example, levels of GSH regulate flowering time in Arabidopsis (Ogawa et al., 2001). GSH is 
involved in the cell cycle as is evidenced in the root meristemless-1 (rmll) mutant in 
Arabidopsis. Rmll is decreased in its ability to initiate root meristematic tissue resulting in a 
very short mature root. This phenotype is caused by a disruption in the gene encoding y-ECS 
resulting in no detectable levels of GSH in any tissues of the plant (Vemoux et al., 2000). 
This phenotype is also seen in antisense GSH1 lines that grown to only ~50% of the size of 
WT (Xiang et al., 2001). 
Although GSH biosynthesis and regulation are well studied in plants, there has been 
little research into the regulation and pathway of GSH degradation. The enzyme y-glutamyl 
transpeptidase (GGT; EC 2.3.2.2) has been established as the only known enzyme capable of 
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cleaving the y-peptide bond that is key to GSH stability (Taniguchi and Ikeda, 1998). This 
enzyme catalyzes the transfer of the y-glutamyl moiety from GSH to a variety of acceptors 
including amino acids and water (Meister et al., 1981). In animals, this enzyme has been 
well characterized and functions mainly in salvaging and transporting amino acids, especially 
sulfur-containing cysteine. In the kidneys of animals, GGT serves to break down GSH that is 
found in the filtrate of the glomerulus so that its constitutive amino acids can be reabsorbed 
in the nephron tubules (Meister and Anderson, 1983). GGT is also active in other animal 
tissues with absorptive or secretory functions (Meister and Anderson, 1983). Mice lacking 
functional GGT are sterile and suffer from a cysteine deficiency (Lieberman et al., 1996). 
This leads to the question: What is the function of GGT in plants? 
Recently Martin and Slovin (2000) purified two GGT enzymes from tomato fruit. 
Their results suggest that, like the animal form of the protein, GGT in plants is attached to 
the membrane surface of the cell. Additionally, both GGTs were able to use a variety of y-
glutamyl donors as substrates. Additional support of this model of plant GGTs was shown 
by Storozhenko et al. (2002) when they overexpressed an Arabidopsis GGT homolog in 
tobacco and found that it localized to the plasma membrane. 
In Arabidopsis there are three genes encoding GGT named GGT1, GGT2, and GGT3 
(Storozhenko et al., 2002) (Oliver lab, unpublished results) as well as what appears to be a 
truncated copy of a GGT named GGT4. GGT1 is found throughout the plant, but expression 
is highest in leaves and roots. A ggtl knockout shows an -80% decrease in GGT activity in 
leaves with no changes in the other tissues of the plant. This mutant shows no difference in 
GSH content of any tissues compared to WT, but exhibits an early yellowing in older leaves. 
GGT2 is expressed most highly in the developing siliques, and a ggt2 knockout shows a 
decreased GGT activity in siliques. GGT3 is expressed in all tissues but its function is as yet 
unknown (Oliver lab, unpublished results). 
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Based on current results, it seems that GGT1 functions in the breakdown of 
extracellular GSH which is then loaded into the phloem, reconstituted into GSH, and 
transported to siliques where it is then exported to the extracellular space, broken down into 
its constitutive amino acids by GGT2 and the amino acids are then imported to the 
developing seed in the silique. Further support of this model was found by making promoter 
GUS fusions of GGT1 and GGT2 that reveal phloem-specific and seed-specific expression, 
respectively (unpublished data). Further functions of GGT in plants could be related to 
coping with oxidative stress. Kushnir et al. (1995) identified a cDNA from Arabidopsis that 
provided tolerance to the oxidizing agent diamide. 
Phytochelatins 
Phytochelatins (PCs) are a family of GSH-related peptides with the general formula 
of (y-Glu-Cys)n-Gly with n=2 to 12, but typically n=2 to 5. PCs are constructed 
enzymatically from GSH (Ruegsegger et al., 1990) by a y-glutamylcysteine dipeptidyl 
transpeptidase, more conveniently called phytochelatin synthase (PCS) (EC 2.3.2.15) (Figure 
2). PCS is found throughout the plant kingdom, and corresponding genes have been 
identified in Arabidopsis thaliana (AtPCSl and AtPCS2) (Clemens et al., 1999; Ha et al., 
1999; Vatamaniuk et al., 1999), Triticum aestivum (TaPCSl) (Clemens et al., 1999), and 
Brassica juncea (Heiss et al., 2003). Additionally, PCS from Schizosaccharomyces pombe 
and Caenorhabditis elegans have been identified and are also capable of producing 
phytochelatins. 
AtPCSl mRNA is found ubiquitously throughout the plant, and the protein is 
localized in the cytosol where, in the presence of heavy metals, it catalyzes the 
transpeptidation of the y-Glu-Cys component of GSH onto an acceptor GSH molecule to 
form PC% or onto an existing PCn molecule to form PCn+i. The Km for GSH is 6.7 mM and 
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the enzyme has temperature and pH optima at 35°C and 7.9, respectively. Phytochelatin 
synthase was first characterized by Grill et al. (1989) in Silene cucubalis. The enzyme 
functions as a tetramer (Mr 95,000), but the dimer (Mr 50,000) is also catalytically active. 
PCS is only active in the presence of heavy metals such as Cd, Cu, Ag, As, Hg, Zn, and Pb 
(Grill et al., 1987; Grill et al., 1989). 
All PCS identified to date have a conserved N-terminal region with a variable C-
terminal region. Recent studies have shown that the N-terminal is the functional catalytic 
domain of the enzyme, while the C-terminal seems to function in metal sensing. Ruotolo et 
al. (2004), examined truncated versions of AtPCSl lacking C-terminal fragments. They 
found that the N-terminal domain consists of no more than 283 amino acids and contains the 
PCS active site while removal of the C-terminal domain compromises the enzyme stability 
and its ability to support broad range response to various heavy metal ions (Ruotolo et al., 
2004). Additionally, Maier et al. (2003) identified four putative Cd binding sites in the N-
terminus of the wheat PCS that are highly conserved among PCS genes from different 
organisms. These four binding sites are essential for function of the enzyme as mutations in 
this region cause an increase in Cd sensitivity. Mutations in other Cd binding sites found in 
the C-terminal region of the TaPCSl gene resulted in only small losses in tolerance to Cd 
GSH Phytochelatin 
Synthase 
glycine 
ABC transporter 
vacuole cytoplasm 
GSH or -
PCn 
Figure 2. Phytochelatin biosynthesis. Abbreviations: PC, phytochelatin; GSH, 
glutathione. 
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(Maier et al., 2003). A similar result was found in the Cd sensitive cadi mutants by Howden 
et al. (1995). The CADI locus corresponds to the phytochelatin synthase gene. The cadi-5 
mutant has a nonsense mutation resulting in the premature termination of translation before 
the C-terminal domain while the cadl-1 and cadl-3 mutants have mutations in residues that 
are conserved across species in the N-terminal domain. The cadl-1 and cadl-3 mutants are 
unable to produce PCs in vitro and are very sensitive to Cd. Contrastingly, the cadl-5 
mutant is able to produce 33% of WT PCs and although still sensitive to Cd, is less sensitive 
than cadl-1 and cadl-3 (Howden et al., 1995; Ha et al., 1999). All these studies confirm that 
the N-terminal domain contains the catalytic activity of the enzyme while the C-terminal 
domain, though needed for 100% activity, functions more in the ability of the protein to 
sense metals. 
As stated previously, AtPCSl is constitutively expressed. Transcript can be found in 
both shoots and roots of Arabidopsis (Ha et al., 1999; Vatamaniuk et al., 1999). AtPCS2 is 
also found throughout the plant but its transcript abundance is much lower than that of 
AtPCSl (Cazale and Clemens, 2001). Patterns of AtPCSl expression change according to 
the age of the tissue. In four day old wheat seedlings, the TaPCSl gene was induced by 
treatment with 100 (J.M Cd2+ according to Clemens et al. (1999). On the contrary, expression 
of AtPCSl gene did not change regardless of Cd or Cu treatment in 21-day-old seedlings of 
Arabidopsis (Vatamaniuk et al., 2000). This finding led Lee and Korban (2002) to 
investigate the transcriptional regulation of young Arabidopsis seedlings. Using a two-way 
approach involving analysis of transcript as well as a promoter-GUS fusion of the AtPCSl 
promoter, they found that the transcript of AtPCSl is regulated during the early stages of 
plant development while after 15 days of growth there is no longer evidence of regulation 
(Lee and Korban, 2002). Data presented in this document will also demonstrate a level of 
regulation in plants grown in liquid culture media. 
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Since the AtPCSl gene is constitutively expressed and shows little regulation at the 
level of transcription, translational and post-translational regulation has been investigated. 
PCS is known to exhibit enzyme activity only in the presence of a heavy metal stress (most 
notably Cd). The mechanism of activation and termination is currently a disputed topic and 
there are presently two models explaining the activation and termination of PCS. 
The first and earliest model, assumes that a direct interaction of the heavy metal with 
the enzyme causes activation of the enzyme and then heavy metals are subsequently 
complexed by the newly produced PCs (Grill et al., 1989; Loeffler et al., 1989). Deactivation 
of the enzyme occurs once the product of the reaction, PCs, has complexed all the free metal 
ions. This model's validity has been supported by a recent study showing that the addition of 
apo-PCs (PCs containing no metals) to the reaction immediately terminates catalysis (Oven 
et al., 2002a). Therefore, the mechanism of activation and inactivation is highly dependent 
upon the presence of metal ions. 
The second model involves PCS being activated by GSH-derived peptides containing 
thiol groups blocked by heavy metals primarily in the form of Cd GS: (Vatamaniuk et al., 
2000). When plants uptake metals, the electrophilic nature of the free metal ion causes it to 
bind with a nucleophilic thiol group. GSH represents a large proportion of thiol groups 
within the plant and can readily bind heavy metals. Based on computer modeling, it is 
assumed that because the GSH concentrations within the plant are so high that virtually no 
free metal ions are present as they are immediately bound to a GSH thiol group (Vatamaniuk 
et al., 2000). This GSH-derived peptide with a heavy metal blocking its thiol group serves as 
a cosubstrate (along with free GSH) for activation of PCS (Vatamaniuk et al., 2000). 
Termination of the reaction therefore results when free GSH and PCs without heavy metal 
compete with blocked thiolate molecules for the active site of the enzyme and the blocked 
thiol molecules diminish by transport of the metal PC complex into the vacuole or 
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incorporation of all heavy metals into substrate-inactive metal PC complexes. The major 
argument of this model is that blocked thiol groups, and not free metal ions are necessary for 
activation of PCS, so the blockage by another group is sufficient for activation. While there 
is evidence in support and in disagreement with both of these models, it will remain to be 
seen which is the most correct, if both mechanisms are present, or if there is another 
mechanism regulating this system. 
The function of AtPCS2 is as of yet unknown. Expression of this gene in either PCS 
knockout S. pombe or Saccharomyces cerevisiae restores or provides Cd tolerance, 
respectively (Cazale and Clemens, 2001). But, since the Cd sensitive cadi-3 mutant is only 
deficient in AtPCSl, it is yet to be determined the function of AtPCS2 in planta. 
Regardless of the mechanism of complexation with metals, whether by binding before 
or after production of phytochelatins, it is well established that the PC metal complex moves 
across the tonoplast and is sequestered in the vacuole. The first evidence of a specific 
transporter capable of transporting PC-metal complexes across the tonoplast membrane was 
in the yeast S. pombe. The hmtl (heavy metal tolerance 1) mutant was found to be incapable 
of forming high molecular weight (HMW) PCs in the vacuole. This was assumed to be due 
to the inability of low molecular weight (LMW) PCs from moving across the tonoplast 
membrane (Ortiz et al., 1992). This gene was found to encode an ATP binding-cassette 
(ABC) transporter capable of transporting phytochelatins across the tonoplast in an ATP-
dependent manner (Ortiz et al., 1995). Although sequence analysis failed to identify any 
HMT1 homologues in Arabidopsis, the system of PC transport occurs via a similar 
mechanism in oat (Avena sativa) roots (Salt and Rauser, 1995) indicating that another ABC-
type transporter may be responsible for PC transport in plants. The YCF1 (yeast cadmium 
factor) gene in S. cerevisiae was found to be an ABC transporter capable of conferring Cd 
tolerance to this yeast. S. cerevisiae lacks the ability to make PCs, but the YCF1 protein was 
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able to transport GS: Cd complexes into the vacuole (Li et al., 1997). This gene exhibited a 
high similarity to the MRP (multidrug resistance-associated protein) found in humans. There 
have been MRP related sequences found in Arabidopsis. Since Arabidopsis and other plants 
lack genes similar to HMT1, it is assumed that an MRP-related gene functions in PC-metal 
transport into the vacuole. Indeed, AtMRP3 is capable of partially restoring Cd resistance in 
ycfl mutant of S. cerevisiae (Tommasini et al., 1998) and AtMRP3 expression is upregulated 
by the application of Cd but, no direct evidence of PC-metal transport has been found to date 
(Bovet et al., 2003). 
As PCs represent a relatively simplistic pathway of Cd resistance, this leads us to 
believe that this can be manipulated in order to change the pattern of Cd accumulation and 
increase tolerance. A number of groups have recognized the potential use of the 
phytochelatin system and have developed transgenic plants utilizing some aspect of PC 
production or sequestration with varying results (Dhankher et al., 2002; Gong et al., 2003; 
Lee et al., 2003a; Lee et al., 2003b; Song et al., 2003). Since these studies are very closely 
related to the topic of this dissertation a thorough explanation of each follows. 
Lee et al. (2003a) used two different promoters that provide ubiquitous tissue expression 
to overexpress PCS. In their first study, they placed AtPCSl cDNA under the control of the 
endogenous PCS promoter from Arabidopsis and transformed this construct into both WT 
plants and the cadl-3 mutant. The WT lines containing additional copy(ies) of AtPCSl 
showed an increase in accumulation of AtPCSl mRNA as well as an increased production of 
PCs in vivo under 85 p.M CdCl^ stress (Lee et al., 2003a). While this increase in PC 
production and PCS mRNA would hopefully lead to an increased resistance to Cd, they 
found the opposite to be true: overexpression of AtPCSl led to hypersensitivity to Cd stress. 
This hypersensitivity was not caused by the PCS protein itself as cadl-3 mutants transformed 
with the same construct and exhibiting similar levels of PCS did not show hypersensitivity. 
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This sensitivity was exacerbated under conditions of low GSH, but could be rescued when 
GSH was supplemented in the growth media. These observations led them to believe that 
overexpression of AtPCSl under these conditions causes PCs to accumulate to supraoptimal 
levels compared to the levels of GSH. Supraoptimal concentrataions of PCs are thought to 
be toxic and so the sensitivity seen in these overexpressing lines may be a result of poisoning 
by the PCs themselves (Lee et al., 2003a). 
Lee et al. (2003b) also tried a different approach of overexpressing AtPCSl in WT 
Arabidopsis and put AtPCSl cDNA under the control of the cauliflower mosaic virus 
(CaMV) 35S promoter rather than the AtPCSl promoter. In agreement with their previous 
study, they showed that by overexpressing AtPCSl an increase in PC production and AtPCSl 
mRNA is observed. However, they did not see an increase in sensitivity to Cd except when 
the growth media was supplemented with increased concentrations of essential metals along 
with 75 (J.M CdClz (Lee et al., 2003b). Yet other transgenic lines were more tolerant to Cd 
stress and accumulated more Cd in their leaves than WT. It is difficult to compare these two 
studies because of the different approaches they used to explain increased sensitivity. 
However, the unifying explanation between these two studies is that the interaction of PCs 
with the cellular environment is not a simplistic one as previously assumed. It seems clear 
that disrupting the GSH concentrations by extreme PC formation without GSH replenishment 
or PC interaction with essential metals may overcome any positive effects that 
overexpression of AtPCSl may give. 
PCs are known to participate in the detoxification of arsenate after it is converted to 
arsenite. In a multi-gene approach, Dhankher et al. (2002) coupled the leaf-targeted 
expression of an E. coli arsenate reductase (ArsC) gene with the constitutive expression of an 
E. coli y-glutamylcysteine synthetase (y-ECS) gene and transformed into Arabidopsis. ArsC 
converts arsenate (AsCV") to arsenite (AsOg3"). Arsenite is able to participate in complex 
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formation with PCs due to its strong affinity towards thiol groups like those found in GSH 
and PCs. y-ECS catalyzes the first committed step in GSH production, and since GSH is a 
precursor for PCs, the rationale was that this overexpression would create a larger substrate 
pool for the production of PCs. In a very successful experiment, they found that by 
expressing y-ECS constitutively and ArsC in a leaf-specific manner, it was possible to 
increase arsenate tolerance compared to WT and also increase the levels of arsenic 
accumulation three-fold in the shoots of transgenic lines as compared to WT (Dhankher et al., 
2002). This study shows the significance of using a multigene approach and also showed for 
the first time that it is possible to create transgenic plants capable of increased tolerance to 
and increased accumulation of arsenic. 
Utilizing the availability of tissue specific promoters has been essential to gaining 
understanding in the process of PC production and sequestration. As discussed earlier in this 
review, PCs have been thought to be made de novo and not to be transported throughout the 
plant. A recent study disputes this claim and gives evidence of root to shoot transport of PCs. 
Gong et al. (2003) transformed the wheat PCS (TaPCSl) into the cadi-3 mutant of 
Arabidopsis under the control of a root specific promoter (alcohol dehydrogenase, Adh). 
While no mRNA or protein was found in the leaves or stems of the transgenic lines, PCs 
were present showing that although produced in the roots, PCs can be transported to the 
above ground portions of the plant (Gong et al., 2003). As further supported by the research 
presented in this dissertation, it is possible to restore Cd tolerance to mutant plants by tissue 
specific expression of PCS. Along with root-to-shoot transport of PCs, Gong et al. (2003), 
showed an increased ability of transgenic plants to accumulate Cd in the leaves of the plant. 
As has been repeated previously, it is essential for the phytoremediation of Cd to be able to 
sequester a large portion of Cd in the above-ground tissues of the plant and this study, along 
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with Dhanker et al. (2002), give strong evidence suggesting that transgenic approaches to 
accumulation are potential phytoremediation techniques. 
The final approach to altering Cd tolerance and accumulation was by overexpressing the 
S. cerevisiae YCF1 gene in Arabidopsis. Recall that YCF1 is an ABC transporter capable of 
transporting GS] Cd complexes into the vacuole. By introducing this yeast gene into 
Arabidopsis, transgenic plants were able to sequester more Cd and Pb and showed an 
increased tolerance to these metals (Song et al., 2003). 
In summary, either a multigene approach or a tissue-specific approach to increasing 
metal tolerance seems to show the greatest potential for phytoremediation. 
Ascorbate 
Ascorbate (AsA) is a small, soluble molecule that plays a vital role in maintaining the 
redox status of the cell. AsA is a very important molecule as can be evidenced by its 
abundance within the plant cell: AsA can account for up to 10% of the total soluble 
carbohydrates (Noctor and Foyer, 1998). The process of AsA biosynthesis has long been 
known in mammals (Burns, 1967), but has only recently been elucidated in plants (Wheeler 
et al., 1998) (Figure 3). Except for the last enzyme step which is linked to mitochondrial 
electron transport, all of AsA biosynthesis is cytosolic (Bartoli et al., 2000). The control 
point for AsA biosynthesis is found at GDP-mannose pyrophosphorylase. GDP-mannose 
pyrophosphorylase catalyzes the conversion of D-mannose-l-P to GDP-mannose. A mutant 
with only -30% of wild-type ascorbate levels, vtcl-1 (vitamin ç), is known to contain a point 
mutation within the gene encoding GDP-mannose pyrophosphorylase (Conklin et al., 1999) 
that results in increased sensitivity to conditions that create oxidative stress, including high 
ozone levels. 
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Figure 3. Biosynthesis of ascorbic acid in plants. Enzymes are numbered: 1, hexose 
phosphate isomerase; 2, phosphomannose isomerase; 3, phosphomannose mutase; 4, 
GDP-D-mannose pyrophosphorylase ; 5, GDP- D-mannose-3,5-epimerase; 6,7, 
unknown hydrolysis enzymes; 8, L-galactose dehydrogenase; 9, L-galactono-1,4-
lactone dehydrogenase. 
AsA is active in helping the chloroplast rid itself of damaging hydrogen peroxide 
through what is known as the Mehler reaction. In this reaction, AsA reduces hydrogen 
peroxide and oxygen to water via ascorbate peroxidase. An unstable monodehydroascorbic 
acid (MDHA) radical is formed and nonenzymically disproportionates into ascorbate and 
dehydroascorbate. Alternatively, MDHA can be reduced to AsA by using reducing 
equivalents from ferredoxin generated by photosystem I. 
Ascorbate-Glutathione Cycle 
Within the chloroplast, GSH is used as a source of reducing equivalents for the AsA-
GSH cycle by transferring reducing equivalents from NADPH to GSH and subsequently to 
AsA (Figure 4). This cycle interlinks the redox status of AsA and GSH. 
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Figure 4. Ascorbate-Glutathione cycle. Abbreviations: GR, glutathione reductase; 
DEAR, dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; 
APX, ascorbate peroxidase; SOD, superoxide dismutase; DHA, dehydroascorbate; 
AA, ascorbic acid; MDHA, monodehydroascorbate ; GSH, glutathione; GSSG, 
glutathione disulfide. Adapted from Noctor and Foyer (1998). 
Understanding the interrelationships of the AsA-GSH cycle is very important. 
Different types of stresses may affect the balance of these two antioxidants in varying ways. 
This is important for being able to understand the control mechanisms as well as the 
regulation of these two systems. Oxidative stress initiates a lot of different responses within 
the plant cell and can facilitate the induction of systemic acquired resistance or programmed 
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cell death. Recently, the components of the AsA-GSH cycle have been identified in not only 
the chloroplast, but also the peroxisome and mitochondria (Jimenez et al., 1997) indicating 
the universality of this system in protecting the plant from reactive oxygen species. 
Recent research suggests that the AsA-GSH cycle (as well as many other 
antioxidative processes) may not function exclusively to destroy reactive oxygen species 
(Noctor and Foyer, 1998). Instead, these systems may also show a concerted effort to inform 
the plant of certain stresses and therefore enable regulation of different systems. Changes in 
specific pools of antioxidants may signal different stresses and allow individual plant cells, 
plant tissues, or the whole plant to respond accordingly. For instance, one study suggests that 
the ratio of GSH to GSSG may control the translational regulation of the Rubisco large 
subunit in Chlamydomonas (Irihimovitch and Shapira, 2000). 
Research 
The basis of this research started with the question of how Cd affects the different 
antioxidative systems of AsA and GSH. This question then splintered into three distinct 
parts. First, what is the effect of expressing the PCS gene in a tissue-specific manner? Since 
PCs represent a major proportion of the Cd detoxification pathway, can this system be 
manipulated to increase the accumulation of Cd in the leaves of plants? Second, if the PC 
pathway or the AsA pathway is gone does the plant respond differently to the antioxidative 
system than WT? And third, what effect does Cd have on the y-glutamyl transpeptidase 
system in Arabidopsis. 
These three parts will be addressed separately in subsequent chapters of this 
dissertation. 
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CHAPTER 2. 
LEAF-TARGETED PHYTOCHELATIN SYNTHASE 
IN ARABIDOPSIS THALIANA 
A paper to be submitted to the Plant Biotechnology Journal 
Annita G. Peterson1'2 and David J. Oliver1'3 
ABSTRACT 
One of the key steps in developing plants for phytoremediation of metal-containing 
soils is to engineer plants that accumulate metals in their aerial tissues. In this experiment 
cadl-3 mutants and wild type (Col-0) Arabidopsis were transformed with Arabidopsis 
phytochelatin synthase (AtPCSl) under the control of the leaf-specific chlorophyll a/b 
binding protein (cab) promoter with the goal of changing the distribution of phytochelatin-
dependent cadmium accumulation in favor of the leaves. Fifteen independent lines of each 
background were generated, and three from each background were chosen for further 
analysis and designated cad-PCS and WT-PCS. As evidenced by in vitro PCS-activity 
assays, PCS activity in the cad-PCS lines was restored in the leaves but not in the roots. 
Additionally, when treated in planta with cadmium phytochelatins were found only in the 
leaves of cad-PCS plants. Although the inserted AtPCSl gene was leaf specific, cad-PCS 
lines showed a decreased "brown-root" phenotype as compared to the cadl-3 mutant. The 
leaf specific expression of AtPCSl resulted in cad-PCS transgenic lines that were as resistant 
to cadmium and arsenate as wild type plants. WT-PCS lines had an increased PCS activity in 
leaves but did not accumulate more phytochelatins in planta as compared to wild type. The 
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outcomes of this project provide additional information on the feasibility of creating 
genetically engineered plants to decontaminate cadmium polluted soils. 
INTRODUCTION 
Phytoremediation is a potentially very powerful method for cleaning up polluted soils 
and waterways (Chaney et al., 1997; Salt et al., 1998; Meagher, 2000). Using 
phytoremediation for the decontamination of heavy metal-polluted soils is one of the greatest 
potential uses for this technology. Very few metals can be biotransformed, Hg and Se being 
notable exceptions (Bizily et al., 2000; Terry et al., 2000). Rather, the metals are 
accumulated in the plant tissue and can then be harvested and the metal-containing biomass 
removed for further processing or disposal. Heavy metals are potential threats to human 
health, and in many cases, heavy metal pollution prevents soils from being populated with 
desirable vegetation (Forstner, 1995). Cadmium (Cd) is a pollutant in soils as a result of 
various human activities and as a nonessential element in plant growth may prove to be one 
of the most potentially dangerous soil pollutants (Sanita di Toppi and Gabbrielli, 1999). 
Plants employ various strategies to ameliorate the effects of heavy metal toxicity. 
Some of the most interesting include forming complexes with organic molecules to decrease 
the availability of the metal within the plant cell, thus limiting the toxic effects. A vena 
sativa (oats) and Crotlaria cobalticola are capable of exuding organic acids such as malate 
and citrate from the roots where complexes are formed extracellularly with Al3+ and Co2+, 
respectively, preventing the uptake of these metal ions (Ma et al., 2001; Oven et al., 2002b) 
Additionally, these organic acids form complexes within the plant cell to reduce the toxicity 
of these metals. Metallothioneins (MTs) are a family of low molecular weight proteins found 
throughout the plant kingdom capable of forming complexes with heavy metals such as Cu, 
Cd, and Zn (for a thorough review of plant MTs, see Robinson et al., (1993); Cobbett and 
33 
Goldsbrough, (2002)). All MTs contain several conserved Cys residues that bind heavy 
metals and are then protected from proteolytic cleavage. This binding then prevents the 
metal from interfering with other normal plant functions (Robinson et al., 1993). Like MTs, 
phytochelatins (PCs) are low-molecular-weight peptides with a number of Cys residues 
capable of binding heavy metals. However, unlike MTs, PCs are synthesized enzymatically 
rather than translationally by phytochelatin synthase (PCS; y-glu-cys dipeptidyl 
transpeptidase; EC 2.3.2.15). PCs are essentially polymers of glutathione (GSH) with 
repeating units of y-glu-cys attached to a glycine residue ((y-glu-cys)n-gly; n=2-l 1). 
PCs serve an important function in the ability of the plant to tolerate Cd exposure as 
evidenced by the Cd-sensitive phenotypes of the cad2-l and cadl-3 mutants of Arabidopsis 
that are both unable to make PCs (Howden et al., 1995b; Howden et al., 1995a). In 
Arabidopsis, two genes encoding PCS are present: AtPCSl and AtPCS2. Both genes are 
expressed constitutively (Ha et al., 1999; Vatamaniuk et al., 1999; Cazale and Clemens, 
2001), but AtPCS2 expression is less than half of AtPCSl (Cazale and Clemens, 2001). 
While AtPCS2 can restore Cd tolerance to PC-deficient Schizosaccharomyces. pombe and 
provide Cd tolerance to Saccharomyces cerevisae, its function seems to be limited in 
Arabidopsis as the cadl-3 mutant is unable to make PCs, but only lacks a functional AtPCSl 
(Howden et al., 1995a) AtPCSl therefore, is the major genetic component to Cd tolerance 
via the PC pathway in Arabidopsis. PCS protein is found in an inactive state until the plant is 
exposed to metals such as Ag, Cu, arsenate, and Hg, with Cd being the most effective 
activator (Clemens et al., 1999; Ha et al., 1999; Vatamaniuk et al., 1999). The mechanism of 
PCS activation is believed to be either direct interaction of the heavy metal with the enzyme 
(Grill et al., 1989; Loeffler et al., 1989; Oven et al., 2002a) or interaction with GSH-derived 
peptides containing thiol groups blocked by either a heavy metal or by another molecule 
(Vatamaniuk et al., 2000). The direct activation by heavy metals is supported by the fact that 
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addition of apo-PCs to a reaction containing PCS and free metal ions immediately terminated 
because all the free metal ions are complexed by the PCs (Oven et al., 2002a). In contrast, 
the indirect activation model suggests that it is not the metal itself, but the blocked thiol of a 
GSH or PC molecule that initiates activation (Vatamaniuk et al., 2000). When plants uptake 
metals the electrophilic nature of the free metal ion is susceptible to binding with a 
nucleophilic thiol group as is found in GSH molecules. GSH can readily bind with heavy 
metals, and this GSH-derived peptide with a heavy metal blocking its thiol group serves as a 
cosubstrate (along with free GSH) for activation of PCS (Vatamaniuk et al., 2000). 
Regardless of the mechanism of initiation, the newly synthesized PC can then either 
be subject to elongation by PCS and/or subsequent transport across the tonoplast in an ATP-
dependent manner through specific ATP-binding cassette (ABC) transporters for 
sequestration in the vacuole (Ortiz et al., 1995). The movement of PC Cd complexes to the 
vacuole via an ABC transporter in S. pombe and S. cerevisae is carried out by HMT1 (Heavy 
Metal Transporter) and YCF1 (Yeast Cadmium Factor), respectively (Ortiz et al., 1995; Li et 
al., 1997). Recently, a homolog of YCF1 found in Arabidopsis, AtMRP3, was identified that 
partially restores Cd resistance inycfl mutants of S. cerevisae (Tommasini et al., 1998), but 
no direct evidence of PC-metal transport has been given to date (Bovet et al., 2003). 
Sequestration of the PC-metal complex into the vacuole renders the metal essentially inert 
within the plant cell and no longer mobile throughout the plant. 
As stated previously, while the cadl-3 and cad2-l mutants are hypersensitive to Cd, 
they do not have any disruption in any of the transport mechanisms for metals and are only 
impaired in the ability to make PCs (or, in the case of the cad2-l mutant, the PC precursor, 
GSH). PCs, therefore, perform a unique function in the ability of a plant to tolerate Cd. 
Movement and sequestration of Cd in the plant is a complicated process involving uptake 
through nonspecific divalent metal cation transporters (Cohen et al., 1998; Pence et al., 2000; 
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Thomine et al., 2000), translocation through the xylem, and eventual complex formation with 
PCs and subsequent sequestration in the vacuole. In most higher plants, Cd is accumulated at 
the highest levels within the root (Mehra and Farago, 1994) with approximately 10 times less 
Cd accumulating in the leaves (Chaney et al., 1997). In order for plants to serve as effective 
removal systems of Cd the amount of Cd accumulated in the leaves needs to be increased. 
Utilizing biotechnology to create plants capable of increased accumulation will 
ultimately involve transferring hyperaccumulation mechanisms to plants with good growth 
characteristics. Because the mechanisms of hyperaccumulation are complex and not well 
understood this goal is not yet attainable. The mechanism of PC formation is relatively 
simple, in biological terms, and should allow us to address some of the issues that will need 
to be resolved. Indeed, several groups have attempted to increase metal resistance by 
manipulation of the PC system (Dhankher et al., 2002; Gong et al., 2003; Lee et al., 2003a; 
Lee et al., 2003b; Song et al., 2003). Lee et al. (2003a) found that overexpression of AtPCSl 
under the control of the AtPCSl promoter in wild type (WT) caused an increased sensitivity, 
rather than increased tolerance, to Cd that could be overcome by addition of GSH to the 
media. In contrast, overexpression by the 35S promoter did not influence Cd tolerance when 
compared to WT in some transgenic lines unless the plants were grown under high levels of 
essential metals whereupon they became more metal sensitive (Lee et al., 2003b). Other 
transgenic lines in this same study were more tolerant to Cd stress and were able to 
accumulate more Cd in their shoots than WT (Lee et al., 2003b). Dhankher et al. (2002) 
coupled the leaf-specific expression of an arsenate reductase gene with the constitutive 
expression of the y-glutamylcysteine synthetase gene (involved in the biosynthesis of GSH, 
the precursor to PCs) to generate plants with an increased tolerance to and accumulation of 
arsenic in the leaves of the plants. Additionally, root-specific expression of the wheat PCS 
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gene (TaPCSl) in cadl-3 mutants of Arabidopsis caused an increase in leaf accumulation of 
Cd. 
In this manuscript we have addressed two issues. First, is it possible to change the 
ratio of Cd accumulation in favor of the leaves? And second, does a heavy metal sink in 
leaves protect the whole plant? These questions have been approached by shifting PCS 
expression from a constitutive expression to a leaf-specific expression. 
RESULTS 
Leaf-specific expression of the AtPCSl gene restores PCS activity in leaves of cadl-3 
mutant but does not increase in vivo PC production as compared to WT. 
To investigate whether the leaf-targeted expression of AtPCSl would confer an 
increased tolerance to Cd and/or leaf-specific accumulation of Cd, we cloned the AtPCSl 
gene into the binary vector pBcabP-1. This placed the AtPCSl gene under the control of the 
leaf-specific chlorophyll a/b binding protein promoter (cab3) (Mitra et al., 1989). The 
construct was then transformed into both WT and cadl-3 Arabidopsis thaliana. 
Approximately fifteen independent lines for each background were generated. Lines with a 
WT background were designated WT-PCS, and lines with a cadl-3 background were 
designated cW-PCS. The presence of the introduced gene was confirmed by PCR. Lines 
containing the insert were subjected to in vitro PCS-activity assays and the three lines from 
each background with the highest in vitro PCS activity in leaves were selected for subsequent 
scrutiny. 
As shown in Table 1, PCS activity of cadl-3 was negligible in both leaves and roots 
while WT possessed an activity of 79 nmol PC: mg protein"1 activity in leaves and 90 nmol 
PCz-mg protein"1 in roots. Introduction of the leaf-specific AtPCSl restored activity in the 
leaves of cad-PCS lines anywhere from two to seven fold compared to WT levels. In the 
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roots, the cad-PCS lines had no change in activity when compared to cadl-3. The presence 
of an additional leaf specific AtPCSl in WT-PCS lines conferred a five- to seven-fold 
increase in detectable PCS activity in leaves while not changing the root activity as compared 
to WT. Both of these data sets show that the introduced construct is functional and confers 
leaf-specific activity to the transgenic lines. 
To determine the ability of the transgenic lines to be able to produce PCs in vivo the 
plants were grown hydroponically and at four weeks were treated with 20 |_iM CdCl^ for 72 
hours. Thiols were then determined by HPLC as shown in Figure 1. In leaves with no Cd 
treatment, WT and cadl-3 leaves showed no differences in GSH. With the addition of Cd, 
cadl-3 had a large increase in GSH content compared to WT as well as an increase compared 
to the no Cd treatment (Fig la). Both the WT and cadl-3 did not produce any PCs with no 
Cd treatment, but when treated with Cd, the WT produced PCs while the cadl-3, as 
previously noted, did not produce any detectable PCs (Fig lb). In roots, WT and cadl-3 had 
indistinguishable levels of GSH with no Cd treatment, but upon treatment cadl-3 had a large 
increase in GSH levels while WT had no change in GSH (Fig lc). As in the leaves, neither 
WT nor cadl-3 produced PCs unless Cd was present and then only the WT formed PCs (Fig 
Id). 
The transformant lines (both cad-PCS lines and WT-PCS lines) were similar to WT 
with regards to leaf GSH both with and without Cd treatment with the exception of cad-PCS7, 
which had a small, but significant, increase in GSH upon Cd treatment (Fig la). The 
presence of the AtPCSl gene in leaves of the cad-PCS lines proved able to change the GSH 
balance as compared to cadl-3. cadl-3 experienced a large increase in GSH levels upon Cd 
treatment while the cad-PCS lines did not. cad-PCS lines and WT-PCS lines both had levels 
of PCs that were comparable to WT upon Cd treatment (Fig lb). Neither the cad-PCS nor 
the WT-PCS lines had a significant increase in the concentration of PCs in leaves. In roots, 
38 
the cad-PCS lines were all similar to cadl-3 thiol profiles with no Cd as well as with Cd 
treatment (Fig lc). Cd treatment caused an increase in the concentration of GSH in the roots 
of these lines to approximately three times the concentration found in WT and WT-PCS lines, 
but no PCs were produced (Fig Id). In roots, WT-PCS lines appeared as WT. There were no 
differences in GSH concentration and although differences in PCs between WT and WT-PCS 
lines were evident, but not significant. Both the cad-PCS and WT-PCS were 
indistinguishable from WT in leaf thiol concentrations with no Cd treatment. 
Both the in vitro and in vivo PCS experiments show that it is possible to produce PCS 
in the leaves specifically, but this did not necessarily increase the amount of PCs as 
compared to WT as in the cad-PCS lines. WT-PCS lines, although they had an additional 
copy or copies of the AtPCSl gene, did not show an increase in PCs as compared to WT (Fig 
lb) suggesting that the production of PCs was not limited by the availability of PCS in WT 
leaves. 
To confirm the leaf-specific nature of the enzyme activity data, none of the inserted 
AtPCSl mRNA was detected in the roots, whereas high levels of expression were found in 
the leaves of all transgenic lines as seen by Northern analysis (Figure 2a). Northerns using 
an AtPCSl probe showed an increase in the amount of transcript of^PGS7in leaves but not 
in roots as compared to WT. The AtPCSl probe used could not differentiate between 
endogenous and introduced AtPCSl, so RT-PCR with primers specific for the introduced 
gene were used. The leaf-specific expression of the introduced AtPCS 1 gene was also 
confirmed by RT-PCR (Figure 2b). 
Plant growth and Cd tolerance 
Following determination of enzyme activity, selected transformant lines were grown 
on MS media with 1% agar and varying concentrations of Cd to determine if the inserted 
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PCS would confer additional tolerance to Cd. Plants were grown vertically for ten days and 
the root length was determined as shown in Table 2. Under control conditions WT root 
growth was less than cadl-3 lines. Although statistically significant, this difference was 
small (about 10%). Under our growth conditions, WT and cadl-3 did not exhibit any 
differences in root length at 25 CdCl2, but at 50 pM CdCl2 WT root length was 
approximately twice that of cadl-3. WT-PCS lines, WT-PCS 2 and WT-PCS 3 had slightly 
elevated root lengths at control compared to WT while WT-PCS 1 and all three cad-PCS lines 
were not different than WT or cadl-3. At 25 pM CdCl2 all three WT-PCS lines had 
increased root lengths compared to WT. cad-PCS lines were indistinguishable from both WT 
and cadl-3 at 25 pM CdCl2. At 50 pM CdCl2, WT-PCS 2 and WT-PCS 3 again had 
significantly longer roots than WT. The cad-PCS lines were statistically longer than the 
cadl-3 mutant, and no different than WT. Augmented leaf expression of PCS made WT 
plants less sensitive to Cd at 25 pM and in two out of three lines at 50 p.M. Expression of 
PCS in the leaves of cadl-3 made this mutant less Cd sensitive than the original mutant so 
that it was no more sensitive than the WT plants. 
Additionally, plants were grown in liquid culture (see methods for description) for ten 
days then treated for four days with 0, 10, and 25 pM CdCl2 and fresh weight was taken 
(Table 3). This experiment was designed to see how the plants would respond in terms of 
total biomass produced under these conditions. In this experiment, cadl-3 was significantly 
smaller than WT in terms of fresh weight for all conditions tested, with the difference 
becoming more pronounced with increasing Cd concentration. In fact, at 25 pM CdCl2, WT 
fresh weight was approximately three times that of cadl-3. The transformed line cad-PCS 1 
had a lower FW than WT at 0 pM CdCl2, but all other cad-PCS lines as well as all WT-PCS 
lines were indistinguishable from WT and had statistically higher FW's than cadl-3. At 25 
p.M CdCl2, all transformed lines were again indistinguishable from WT and had statistically 
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higher FW's than cadl-3. At 50 pM CdCh, all WT-PCS lines and cad-PCS 7 had similar 
FW's to WT and significantly higher FW's than cadl-3, while cad-PCS 1 and cad-PCS 6 
had significantly higher FW's than cadl-3 and significantly lower FW's than WT. 
Two other notable results came from this experiment. First, the cadl-3 mutant (as 
previously noted (Howden et al., 1995a)) showed a "brown root" phenotype when exposed to 
Cd for as little as 24 hours. The cad-PCS lines showed a phenotype intermediate to the 
"brown root" of the cadl-3 and the normal white roots of the WT (Fig 4a). There was some 
browning of the roots, but the presence of the AtPCSl gene in the leaves only provides some 
measure of relief to the roots and allows the plants to tolerate Cd concentrations that were 
previously toxic. Second, the leaf specific presence of an additional AtPCSl gene did not 
increase the ability of the WT-PCS lines to produce biomass under Cd stress. However, 
there is no increased sensitivity of the WT-PCS lines to the metal as seen in previous 
attempts to over express AtPCSl (Lee et al., 2003a). 
Along with increased resistance to Cd, cacf-PCS lines showed an increased resistance 
to arsenate (Figure 4b). Seedlings were germinated on media containing 40 pM Na^AsO^ 
and grown for three weeks. While the cadl-3 line did not germinate, the cW-PCS lines 
germinated and grew, but not with the same vigor as WT. There was no increased tolerance 
seen in the WT-PCS lines as compared to WT. 
Cadmium uptake 
To test the ability of the transformed lines to accumulate more Cd in the leaves, seeds 
were grown on lA MS agar media for seven days then transferred to media containing 5 pM 
CdCl% supplemented with 109CdCl2. This relatively low concentration of Cd was chosen to 
prevent inhibition of growth on the cadl-3 mutant. The total accumulation of Cd in leaves 
was determined following 72 hours ofexposure to the Cd. As can be seen in Figure 5, cadl-3 
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accumulated 30% more Cd than did WT under these conditions. Also interesting is that two 
of the cad-PCS lines, cad-PCS 1 and cad-PCS 6, appeared to respond in a similar manner as 
cadl-3 and accumulated 23% and 38%, respectively, more Cd in leaves than did WT or any 
of the WT-PCS lines. WT-PCS lines and cad-PCS 7 accumulated a similar amount of Cd to 
WT. In summary, in leaves the cad-PCS lines accumulated Cd in a similar manner to cadl-3 
and the WT-PCs lines accumulated Cd in a similar manner to WT. Additionally, these lines 
also had similar patterns of accumulation in roots. As shown in Table 4, the amount of Cd in 
the roots was similar in WT and WT-PCS lines while cadl-3 and cad-PCS lines had similar 
amounts of Cd. Perhaps more important is the ratio of leaf:root accumulation of Cd. The 
presence of the introduced AtPCSl in leaves of the transformant lines did not change the 
ratio of leaf:root accumulation of Cd. Each transformant line had a similar leaf:root Cd ratio 
as its genetic parent. 
DISCUSSION 
The ability to sequester and tolerate Cd in the above-ground portions of the plant 
body is key to the phytoremediation of this element. This study was aimed at understanding 
the limitations of one important component of the Cd tolerance pathway. By introducing 
AtPCSl driven by the leaf-specific promoter cab3 (Mitra et al., 1989) into both the cadl-3 
mutant and WT, we hoped to understand better the ability of these plants to uptake and 
sequester more Cd in the leaves. 
In this study, we showed that it is possible to make the whole plant Cd tolerant by 
expressing PCS in leaves only. The leaf-specific expression of AtPCSl in the cadl-3 mutant 
restored in vitro PCS activity and in vivo PC production to the leaves but not to the roots. 
Although the expression and activity was limited to the leaves, these plants were able to grow 
under Cd stress up to 85 ^iM CdCli (data shown only to 50 pM CdCl2). While the tolerance 
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was not as high as WT, the plants had a substantial increase in biomass production and 
partial amelioration of the "brown root" phenotype of the cadi-3 mutant (Figure 4a). This 
suggests a mechanism whereby either the root is protected by PC production in the leaves or 
some level of protection in the roots by the increased GSH levels under Cd stress. While 
transport of PCs from the root to shoot has been shown (Gong et al., 2003), that movement 
seems to be unidirectional as we did not detect PCs in the root at any treatment suggesting 
that it is the movement of Cd to the rosette leaves that provides the increased tolerance to Cd. 
Another possibility is that GSH is directly providing some detoxification of Cd. It is known 
that while PCs are the major component of the Cd detoxification pathway, that GSH is also 
able to bind Cd (Vatamaniuk et al., 2000). Under Cd stress, GSH levels are elevated in the 
roots of the cad-PCS mutants and this may provide some level of protection while further 
protection is provided by the PCS activity in the leaves. 
The introduction of an additional copy of AtPCSl targeted to the leaves in WT 
provided the plants with an increased in vitro PCS enzyme activity only in leaves suggesting 
an increase in PCS protein concentration. This increased activity did not correlate with the 
ability of the WT-PCS lines to produce more PCs when treated with 20 (0.M CdCl] for three 
days. These data are consistent with other studies that show increased PCS protein does not 
correlate with an increase in concentration of PCs in the plant (Gong et al., 2003). However, 
Lee et al. (2003a) found that overexpression of the AtPCSl gene did result in an increase in 
PC production under Cd stress. The apparent discrepancies may be due in part to the 
concentration of Cd used in the experiment. Lee et al. (2003a) used 85 p.M CdCl^ while 
Gong et al. (2003) and we used only 20 pM CdCl] As the production of PCs is dependent 
upon the presence of metals, perhaps the increased Cd concentration caused an increased PC 
production. Additionally, it has been shown that endogenous AtPCSl is regulated by Cd 
during early stages of plant development whereas as the plant ages AtPCSl is no longer 
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regulated (Lee and Korban, 2002). Lee et al. (2003a) used young seedlings for all 
experiments whereas we and Gong et al. (2003) used older plants. 
Production of PCs is linked to the availability of GSH and therefore, GSH may be the 
limiting factor in PC synthesis regardless of Cd concentration or amount of PCS protein. 
Indeed, the overexpression of y-glutamylcysteine synthetase coupled to the leaf-specific 
expression of arsenate reductase gave an increased tolerance to arsenic in Arabidopsis 
(Dhankher et al., 2002). y-glutamylcysteine synthetase is the enzyme responsible for the 
production of y-glutamyl cysteine, a precursor of GSH and PCs. By increasing the available 
substrate pool, more PCs could theoretically be made when challenged with As stress than 
under standard conditions. Although this group did not measure production of PCs, it is 
assumed that this is the mechanism whereby the transgenic lines gained tolerance. In our 
study, there were no differences in the concentration of GSH among the WT and transgenic 
lines under no Cd stress. Therefore, the available substrate pool was the same in all lines, 
leading to the notion that only a certain amount of PCs could be produced under these 
conditions. 
It is interesting to note the increase in GSH levels in the roots of cadi-3 and the cad-
PCS lines relative to both the original cadl-3 and the WT lines following treatment with Cd. 
GSH biosynthesis is controlled by several different systems including transcriptional 
activation of both the y-glutamylcysteine synthetase and glutathione synthetase genes 
following treatment with Cd and the increased translation of the y-glutamylcysteine 
synthetase mRNA during oxidative stress. This clearly occurs in the WT line and in the 
cadl-3 mutant. When a functional PCS is present, much of the additional GSH is directed 
towards the synthesis of phytochelatins. Thus in WT plants Cd treatment causes no increase 
in GSH levels. In the cadl-3 lines there is no PCS and no PC production so GSH 
accumulates. In the cad-PCS lines there is no PC production in the roots and GSH 
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accumulates to high levels while in the leaves the transgenic PCS converts the GSH to PC 
thereby precluding its accumulation. 
Functional or additional copies of AtPCSl targeted to the leaves do not shift Cd 
accumulation to the aerial portions of the plant. The WT-PCS lines did not have an increase 
in Cd accumulation in the leaves compared to WT, and, although two cad-PCS lines had an 
increase in Cd accumulation compared to WT, their Cd accumulation was similar to that of 
cadl-3. Additionally, the ratios of leaf:root Cd content did not change even with the 
presence of the introduced AtPCSl gene in neither cad-PCS lines nor WT-PCS lines 
indicating a mechanism other than just the PCS system is involved. Although PCS is not 
likely to be part of a hyperaccumulation system, it is a simple model of Cd tolerance for 
study. However, one problem with this model is that much of Cd uptake and sequestration is 
not PC-dependent. As stated in the introduction, a number of transporters take up Cd 
nonspecifically (Cohen et al., 1998; Pence et al., 2000; Thomine et al., 2000) and so 
limitation of Cd uptake is regulated prior to the production of PCs. Additionally, Cd is 
known to bind to a number of other molecules including metallothioneins and cell wall 
constituents (Robinson et al., 1993; Kupper et al., 2000). The PCS system may not be 
employed fully at low levels as other molecules interact first with Cd. As suggested by the 
work done by Lee et al. (2003a) and Gong et al. (2003) it may be that the concentration of Cd, 
5 (J.M used in our experiments versus 85 and 20 (o,M utilized by them, did not challenge the 
PCS system, and other molecules formed complexes with Cd prior to complex formation 
with PCs. 
In conclusion, we demonstrate that it is possible to restore PCS activity and PC 
production in leaf-specific manner and to decrease the Cd stress on roots lacking PCS. We 
also demonstrate that these experimental conditions, do not result in an increase in the 
amount of PCs produced compared to WT. 
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MATERIALS AND METHODS 
Agrobacterium mediated transformation of Arabidopsis thaliana 
A cDNA fragment corresponding to the AtPCSl coding sequence was PCR amplified 
from a pTrc99A (gift from Cobbett laboratory) and BamYLl and Pstl restriction sites were 
added via PCR to the fragment. This DNA fragment corresponding to AtPCSl with BamHl 
5' and Pstl 3' was cloned in to the corresponding restriction sites of pBluescript KS (-) and 
confirmed via sequencing. The DNA fragment was subsequently cloned into the pBcabP-1 
vector at the BamKl and Pstl cloning sites to create the pBcabP-PCS vector. The pBcabP-1 
vector was a gift from Dr. Ming Lin. The pBcabP-1 vector has a base of pCB302-l (Xiang et 
al., 1999) with the 35S-promoter and plastid targeting sequence of Rubisco small subunit 
(TP) fragment replaced with a 600 base pair PCR fragment of the chlorophyll a/b binding 
promoter (cab3-P) (Mitra et al., 1989). 
Agrobacterium tumefaciens (strain GV3101) cells containing the pBcabP-PCS vector 
were used to transform flowering cadl-3 and WT (Col-0) Arabidopsis thaliana using the 
floral spray method (Chung et al., 2000). Seeds from the To generation were harvested and 
sown at a density of 0.5-1.0 gram per flat of soil (53cm x 27cm x 7cm). T, seedlings were 
sprayed at the cotyledon stage with a 0.25% Liberty solution to select for transformed 
individual plants. Seeds from these putative transformed plants were collected and used for 
subsequent analysis. 
For each generation, plants grown in soil-less potting material were sprayed at the 
cotyledon stage with 0.25% Liberty to assure the maintenance of the BAR gene. 
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Selection of transformants 
DNA from T3 generation plants or later was used for PCR screening to assure the 
presence of the inserted PCS gene. Any lines found not possessing the inserted PCS gene 
were discarded. 
Fifteen plants from each transformation were selected based on resistance to Liberty 
and randomly assigned identification. Wild-type plants transformed with the PCS gene were 
designated WT-PCS lines, and cadl-3 lines transformed with the PCS gene were designated 
aztif-PCS lines. 
Plant growth conditions 
Plants were grown in an Arabidopsis growth chamber with constant temperature (22 
°C) and 24-hour photoperiod (250 pmoles PAR m"2s"'). Plants grown in liquid culture follow 
the method of Xiang and Oliver (1998). Briefly, approximately 50 surface sterilized seeds 
were placed in 125 mL flasks containing 40 mL of medium (half-strength Murashige and 
Skoog salts, 0.5 g of MES per liter, 2% sucrose, and 0.018% K2HPO4, pH 5.8). Samples were 
kept under constant light on a rotary shaker at 22 °C. Plates used for root growth contained 
growth media (as described above) and 1.0% agar plus additional metal treatment (when 
required). Sterilized seeds were placed on plates in rows, kept in a cold room for two days, 
then transferred to a container keeping the plates vertical. After 10 days, root length was 
determined by measuring the length of the primary root axis. Plates used for fresh weight 
analysis contained growth media and 1.0% agar. Approximately 50 sterilized seeds were 
placed on each plate, kept at 4°C for two days then grown for 2.5 weeks. 
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In vitro PCS assay 
Crude protein extracts were prepared according to the method of Chen et al. (1997). 
Extraction buffer contained 50 mM Tris-Cl pH 8.0, 10 mM (3-mercaptoethanol, 1 mM PMSF 
(phenylmethylsulfonyl fluoride), and 14% glycerol. The resulting homogenate was 
centrifuged at 16,000 x g in a bench top centrifuge for 10 minutes at 4°C. The crude soluble 
supernatant was used for enzyme assay. The assay buffer consisted of 200 mM Tris-Cl pH 
8.0, 10 mM p-mercaptoethanol and 10 mM GSH. The assay was initiated by the addition of 
100 )J.l of assay buffer to 200 JJ.1 of enzyme extract. The enzyme extract and buffer was 
incubated at 35°C for five minutes whereupon CdCl? was added to a final concentration of 
500 pM and the mixture was incubated for an additional 30 minutes at 35°C. Following 
incubation, an equal volume of 0.15 M HC1 was added to the assay to terminate the reaction 
and the resulting mixture was immediately placed on ice. This mixture was used as 
described for HPLC analysis of PC] production. 
HPLC Analysis of Thiols 
Quantitation of thiols including cysteine (Cys), y-glutamyl cysteine (y-EC), 
glutathione (GSH), and phytochelatins (PCs) as their corresponding monobromobimane 
derivatives was performed as described (Xiang and Oliver, 1998). Standards for Cys, y-EC, 
and GSH were purchased commercially and standards for PCs were synthesized as described 
(Xiang and Oliver, 1998). 
DNA and RNA extraction 
RNA isolations were performed using Trizol reagent (Invitrogen). For Northern 
analysis, 10 pg of RNA (as determined by 260/280 spectrophotometry analysis) was loaded 
onto a 1.2% formaldehyde agarose gel. Blotting was performed via standard methods using 
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capillary action onto Zetaprobe (BioRad) nylon blotting membrane. To secure the RNA to 
the membrane, it was UV cross-linked using a Stratalinker (Stratagene). Probes were made 
using the RadPrime DNA labeling System (Life technologies) utilizing dCT32P as radiolabel. 
Cd uptake experiments 
Plants were grown vertically in square plates on solid media containing no Cd for 
seven days. Young seedlings were transferred to solid media containing 5 pM CdCh 
supplemented with 109CdCl2 (-700 cpm/nmol CdCb) (Perkin Elmer Life and Analytical 
Sciences). The addition of 109Cd had no affect on the final concentration of CdCh. Strips of 
parafilm were placed on the media to prevent contact of the leaves with the media. Plants 
were grown for an additional 72 hours then the leaves were removed from the plants and 
assayed for Cd uptake using a y-counter (Wallac). 
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Table 1. In vitro PCS activity of transformant lines. WT-PCS lines have an increased 
activity in leaves but not in roots when compared to WT. cad-PCS lines have an 
increased activity in leaves and a slight increase in roots when compared to cadl-3. 
In vitro PCS activity 
values given in nmol PC2-mg protein"1-30 min"1 
Leaves Roots 
WT 79 ± 29b 90 ± 43b 
cadl-3 0 ± 2 a  2 ± 2 a  
cad PCS 1 596 ± 157a'b 5 ± 2a 
cad PCS 6 316 ± 87a'b 3 ± la 
cad PCS 7 282 ± 71a,b 4 ± la 
WT PCS 1 446 ± 51a,b 1 1 1 ± 1 6 b  
WT PCS 2 687 ± 136a'b 101 ±53b 
WT PCS 3 668 ± 133a,b 104 ± 40b 
Values correspond to means ± SE of four samples. 
a statistically different than WT of the same treatment (P<0.05) 
b statistically different than cadl-3 of the same treatment (P<0.05) 
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Figure 1. GSH and PC2 levels of leaves and roots. Black bars represent -Cd, and gray 
bars represent +Cd. a. GSH concentration of leaves, b. PC2 concentration in leaves, c. 
GSH concentration in Roots, d. PC2 levels in roots. Data are representative of two 
replications where n=4 for each replication. Error bars indicate SD. * indicates 
statistically different than WT of same treatment (P<0.05). 
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Figure 2. A. Northern and B. RT-PCR showing leaf-specific nature of inserted AtPCSl 
mRNA. Primers used for RT-PCR were specific for the inserted transgene. 
Table 2. Root length of ten-day-old seedlings in mm. Plants were grown vertically 
on solid media as described in materials and methods. WT PCS lines show a 
significant increase in root growth at 25 and 50 pM CdCl2 when compared to WT. 
cad PCS lines show a significant increase in root growth at 50 JJ.M CdCl2, but not at 
lower CdCl2 concentrations. 
Root Length (mm) of 10-day-old seedlings 
0 mM CdCl2 25 mM CdCl2 50 mM CdCl2 
WT 43.3 ±4.3 32.2 ±3.8 23.8 ± 3.lb 
cad 1-3 47.7 ± 4.8' 32.0 ±4.9 12.3 ± 2.7a 
cad PCS 1 44.4 ±7.9 30.6 ±4.9 19.3 ± 3.5b 
cad PCS 6 42.3 ± 8.0 32.8 ±2.8 19.3 ±2.2b 
cad PCS 7 44.6 ± 2.4 33.8 ±3.9 18.6 ± 5.0b 
cad PCS 8 46.2 ± 5.9= 31.0 ±4.9 18.5 ± 3.4b 
WT PCS 1 43.8 ±3.5 38.0 ± 5.3ab 24.4 ± 2.5b 
WT PCS 2 48.3 ± 4.3= 40.4 ± 4.9a,b 26.0 ± 3.0a-b 
WT PCS 3 46.5 ± 4.8= 39.3 ± 4.8a-b 26.0 ± 1.9a,b 
Data show mean values ± SE, n =12 seedlings, 
"significantly longer than WT of same treatment, 
^significantly longer than cadl-3 of same treatment. 
(P < 0.05 using students t-test). 
Table 3. Fresh weight (FW) in grams of 14-day-old liquid-culture plants treated 
with 0, 10, and 25 pM CdCl2 for 4 days. Values 
FW (g) of 14 day-old plants 
0 nM CdCl2 10 pM CdCl2 25 \iM CdCl2 
WT 4.16 ± 0.27b 3.55 ± 0.68b 3.35 ±0.13 
cad 1-3 3.51 ±0.53» 2.65 ± 0.42= 0.92 ± 0.29= 
cad PCS 1 3.79 ±0.22= 3.47 ± 0.3 lb 2.53 ± 0.37a,b 
cad PCS 6 3.88 ± 0.42 3.78 ± 0.3lb 2.66 ± 0.3 l=b 
cad PCS 7 4.22 ± 0.35b 3.59 ± 0.32b 2.43 ± 0.65b 
WT PCS 1 4.35 ± 0.35b 3.70 ± 0.38b 3.20 ± 0.18b 
WT PCS 2 4.33 ± 0.26b 3.80 ± 0.29b 3.11 ±0.27b 
WT PCS 3 4.46 ± 0.48b 4.11 ±0.50b 3.20 ± 0.17b 
Values represented are mean ± SE (n = 6) 
statistically different than WT of same treatment 
^statistically different than cadl-3 of same treatment (P<0.05) 
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Figure 4. A. Liquid-culture-grown plants showing root phenotype following four 
days of treatment with 25 |0,M CdCl2. B. cad-PCS lines showing restoration of 
tolerance to 40 p,M Na2As04. Seedlings were grown on V2 MS agar plates 
containing sucrose for 3 weeks. 
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Figure 5. Cd content in leaves following 72-hour exposure to 5 pM CdCl2 
supplemented with 109CdCl2. Error bars indicate SD. 
Table 4. Cd concentration in leaves and roots that were treated for three days 
with 5 pM CdCl2 supplemented with l09CdCl2. 
Cd content of leaves and roots 
nmol Cd g FW"1 
Leaf Root 
Leaf:Root 
ratio 
WT 13.33±1.39 50.33±8.43 0.27±0.03 
cad 1-3 16.99±2.25* 31.60±4.81 0.54±0.06* 
cad PCS 1 16.20±2.11* 39.83±5.34 0.40±0.05* 
cad PCS 6 18.61±1.99* 38.05±4.44 0.49±0.03* 
cad PCS 7 12.80±2.47 27.90^3.27 0.46±0.10* 
WT PCS 1 11.66±2.43 35.30±1.67 0.33±0.07 
WT PCS 2 12.67±1.83 52.68±1.98 0.24±0.04 
WT PCS 3 12.62±1.75 52.01±5.76 0.24±0.02 
Values represent mean ±SD n=6. 
"Indicates statistically different than WT according to Student's t-test (P<0.05). 
62 
CHAPTER 3. 
RESPONSE OF THE COMPONENTS OF ASCORBATE-
GLUTATHIONE CYCLE TO CADMIUM STRESS 
IN ARABIDOPSIS THALIANA 
A paper to be submitted to the Journal of Experimental Botany 
Annita G. Peterson1'2 and David J. Oliver1,3 
ABSTRACT 
Ascorbate (AsA) and glutathione (GSH) are important soluble antioxidants found at 
high concentrations throughout the plant cell. Both serve roles in defense, cell growth, and in 
protecting the plant from damage caused by reactive oxygen species. The redox states of 
these two molecules are interlinked through the ascorbate-glutathione cycle that serves to 
regulate the amount of H2O2 in the plant cell. Cadmium is a metal known to cause damage 
through oxidative stress by interacting with GSH. We investigated the effect of Cd on the 
components of the AsA-GSH cycle and compared the response of wild type plants to that of 
the cadl-3 and vtcl-1 mutants, cadl-3 is a mutant unable to produce phytochelatins in 
response to Cd, while vtcl-1 has only 30% of WT levels of AsA. AsA levels did not change 
in any of the genotypes tested when challenged with Cd. The levels of GSH and GSH 
precursors (cysteine and y-glutamyl cysteine) responded differently among the three 
genotypes when treated with Cd, and under nonstress conditions vtcl-1 had an elevated GSH 
level compared to WT. Likewise, the patterns of expression of genes involved in the 
1 Graduate student and Professor, respectively, Department of Genetics, Development and Cell Biology, Iowa 
State University 
2 Primary researcher and author 
3 Author for correspondence 
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biosynthesis of AsA, GSH, and phytochelatins were different for all three genotypes. 
Another set of antioxidants, the anthocyanins, accumulated at higher levels in both cadl-3 
and vtcl-1, and the expression pattern for chalcone synthase varied for all three genotypes. 
The enzyme activity of catalase, superoxide dismutase, monodehydroascorbate reductase, 
dehydroascorbate reductase, and glutathione reductase responded in a similar manner for all 
three genotypes under Cd stress. However, vtcl-1 had higher activities of dehydroascorbate 
reductase and catalase under all conditions tested. The expression of two genes involved in 
the sulfur assimilation pathway, serine acetyl transferase and O-acetyl serine thiol-lyase, was 
elevated in vtcl-1 compared to WT. From our studies we conclude that although treatment 
with Cd under our conditions has no effect on the ascorbate side of the ascorbate-gluathione 
cycle, a decreased AsA content does increase the accumulation of GSH, possibly at the site 
of induction of sulfur assimilation or cysteine biosynthesis. 
INTRODUCTION 
In the defense against reactive oxygen species (ROS) two small soluble molecules are 
especially important: ascorbate (AsA) and glutathione (GSH). Through differing 
mechanisms, both antioxidant molecules protect the plant cell from the damaging effects of 
ROS. Although these two molecules have distinct and specific functions within the plant cell, 
they have many similarities. Both molecules are relatively small and are found in the soluble 
portions of the plant at high concentrations. AsA can accumulate to millimolar 
concentrations (Foyer et al., 1983) and can account for up to 10% of soluble carbohydrate 
within plants (Noctor and Foyer, 1998). GSH can also be found at millimolar concentrations 
within the plant and serves as the major non-protein thiol pool within the plant cell (Noctor 
and Foyer, 1998). AsA and GSH both serve roles in pathogen defense and abiotic stress 
response. The ratios of reduced to oxidized GSH (GSH:GSSG) and AsA (AsA: OH A) serve 
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as signaling molecules in the hypersensitive response causing changes in the expression 
patterns of defense-related genes (Noctor and Foyer, 1998; Horemans et al., 2000; Vanacker 
et al., 2000). GSH is known to participate in protecting the plant against chilling damage 
(Kocsy et al., 2001) while AsA is the primary defense molecule against ozone and elevated 
SO] and NO2 concentrations (Horemans et al., 2000). Both molecules are important in the 
plant cell growth and development. AsA is involved in various growth functions including 
root elongation, cell wall vacuolarization, and cell wall expansion (Noctor and Foyer, 1998; 
Horemans et al., 2000) and is able to regulate some developmental genes that require abscisic 
acid signaling (Pastori et al., 2003). Additionally, AsA is implicated as a key molecule in the 
transition from cell division to cell elongation (Kato and Esaka, 1999; Horemans et al., 2000). 
Likewise, GSH also fulfills roles in root elongation and growth (Vemoux et al., 2000; Xiang 
et al., 2001) as well as initiation of flowering in Arabidopsis (Ogawa et al., 2001). 
Furthermore, GSH is important in the detoxification of many xenobiotic compounds and 
heavy metals through the action of glutathione-S-transferases and phytochelatins, 
respectively (Marrs, 1996; Cobbett and Goldsbrough, 2002). 
Despite their roles as separate antioxidants, AsA and GSH are important in the 
process of quenching ROS. Lack of AsA can limit the non-photochemical quenching 
mechanism of formation of zeaxanthin from violaxanthin (Muller-Moule et al., 2002). When 
treated with high light, the formation of ROS decreases the ratio of reduced/oxidized GSH, 
which subsequently decreases the transcript of the Rubisco large subunit until GSH ratios can 
be returned to steady state (Irihimovitch and Shapira, 2000). In the chloroplast, the redox 
states of these two molecules are connected through a series of enzymatic reactions that 
effectively transfers reducing equivalents from GSH to dehydroascorbate (DHA), producing 
GSSG and reduced AsA. This process has been dubbed the ascorbate-glutathione cycle 
(Figure 1) (Foyer and Halliwell, 1976). In the chloroplast, H2O2 is produced at various 
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stages by the thylakoid electron transport processes. H2O2 produced in the chloroplast is 
oxidized by ascorbate peroxidase (APX) to give the monodehydroascorbate reductase 
(MDHA) radical. MDHA can either be directly reduced back to AsA in a NADPH-
dependent reaction catalyzed by monodehydroascorbate reductase (MDHAR) or can undergo 
non-enzymic disproportionate to AsA and DHA. DHA is then reduced to AsA by 
dehydroascorbate reductase (DHAR) in a GSH-dependent manner. GSH can be regenerated 
from GSSG by glutathione reductase utilizing NADPH. This process controls the amount of 
H2O2 in the chloroplast and prevents further damage that can be caused by H2O2 including 
reacting with cellular constituents producing other ROS namely lipid peroxides and the 
hydroxy! radical ( OH). This process of transferring reducing equivalents from GSH to AsA 
is also present in other cellular compartments including the mitochondria and peroxisomes 
(Jimenez et al., 1997; Mittler, 2002). 
While several attempts have been made to investigate the AsA-GSH cycle and how it 
can be perturbed by environmental conditions (Law et al., 1983; Hodges et al., 1997; Gupta 
et al., 1999; Hodges and Forney, 2000; Jiang and Zhang, 2001; Ali et al., 2002), little work 
has been done utilizing mutant lines. This method of study provides a unique opportunity for 
investigating how perturbations in normal cell functions change how the plant maintains 
and/or regulates homeostasis when challenged by an environmental stress. However, 
because of the important roles that GSH and AsA play in the maintenance of the cell, a 
complete null mutation eliminating either GSH or AsA completely would most likely be 
lethal. Therefore, mutants with reduced capacity to produce these molecules are more likely 
candidates. 
The low ascorbic acid mutant, vtcl-1 (referred to as vtcl), was isolated based upon its 
sensitivity to ozone (Conklin et al., 1996) and has low activity of GDP-mannose 
pyrophosphorylase, an enzyme necessary for the biosynthesis of ascorbate (Conklin et al., 
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1999). While the vtcl mutant does not show distress in photosynthetic function and 
oxidative stress under optimal conditions, it still shows a significant decrease in biomass 
production (Conklin et al., 1996; Veljovic-Jovanovic et al., 2001). Additionally, the vtcl 
mutant shows an increase in the expression and activity of cytosolic ascorbate peroxidase, 
whereas the expression and activity of chloroplast isoforms of ascorbate peroxidase are 
generally unchanged (V elj ovic-Jovanovic et al., 2001). 
Two mutants of the GSH biosynthetic pathway, cad2-l and rmll, have mutations in 
the gene encoding the first enzyme reaction in GSH biosynthesis, y-glutamyl cysteine 
synthetase, that results in cad2-l only having 30% of WT GSH while the rmll mutant has 
less than 5% of WT GSH (Howden et al., 1995b; Vernoux et al., 2000). While the cad2-l 
mutant is similar to WT unless grown in the presence of a metal, the rmll mutant fails to 
initiate cell division in roots and is able to be rescued only by the application of GSH to the 
media. However, the cadl-3 mutant (referred to as cadi) was used in this experiment instead. 
cadi does not have any deficiency in its ability to make GSH, but rather it possesses a point 
mutation in the gene encoding phytochelatin synthase (AtPCSl), which prevents it from 
producing phytochelatins (PCs) under heavy metal stress (Howden et al., 1995a). This 
mutant was chosen based on its ability to produce GSH, but not phytochelatins, thus having a 
disruption in the antioxidative response of the plant by increasing GSH in the presence of 
metals. Figure 1 shows the AsA-GSH cycle with simplified AsA and PC biosynthetic 
pathways added for clarity. 
Cadmium (Cd) is a nonessential element usually found in areas affected by 
anthropogenic activity (Sanita di Toppi and Gabbrielli, 1999). In plants, Cd causes damage 
to many cellular processes (Sanita di Toppi and Gabbrielli, 1999; Perfus-Barbeoch et al., 
2002). Additionally, Cd can compete with other cofactor metals for the active site of 
enzymes thus inhibiting or decreasing function. Due to human activities, the instances of Cd 
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pollution are becoming more common, and, therefore, it is important to understand how Cd 
toxicity affects plants in many different aspects. Recently, much effort has been put forth to 
understand and manipulate the mechanisms of Cd uptake and accumulation (Gong et al., 
2003; Lee et al., 2003; Song et al., 2003). In order to study what the consequences of Cd 
toxicity are on the ascorbate-glutathione cycle, this manuscript investigates the response of 
the components of the ascorbate-glutathione cycle of three genotypes (WT (Col-0), cadi, and 
vtcl) of Arabidopsis when exposed to Cd. As an unrelated and unique finding we also 
present evidence that at low AsA concentrations, genes involved in sulfur assimilation and 
therefore cysteine biosynthesis are upregulated. 
RESULTS 
Changes in AsA and GSH upon Cd treatment 
Plants were grown in liquid culture for 12 days then treated for 24 hours with CdCl2. 
Extraction and analysis of AsA and thiols were as described in methods. As is seen in Figure 
2, under control conditions WT and cadi have similar amounts of AsA, while vtcl has only 
-25% of WT levels of AsA, as previously reported (Conklin et al., 1996). When treated with 
25 |aM CdCli, the concentrations in all three lines are unchanged compared to the treatment 
control. Although the cadi mutant cannot produce phytochelatins (PCs) to alleviate the 
stress caused by Cd, its AsA level was unchanged. This indicates that Cd does not directly 
affect the AsA levels found in plants. 
To investigate the role of AsA and GSH in mitigating Cd stress further, levels of the 
GSH precursors cysteine (Cys) and y-glutamyl cysteine (y-EC) as well as GSH and PCs were 
determined following a 24-hour treatment with either 0 or 50 pM CdCl^. Results are given in 
Figure 3. Under control conditions, levels of cysteine (Cys) were similar for WT and vtcl 
while cadi had a slightly lower Cys content compared to WT. Upon treatment with 50 pM 
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CdCla, concentrations of Cys significantly increased for cadi and vtcl to approximately 7-
and 3-fold respectively when compared to WT. WT Cys levels also showed a small, but 
significant increase, y-glutamyl cysteine (y-EC) levels were nearly identical for WT, cadi, 
and vtcl under control conditions and all increased significantly upon Cd treatment. 
Additionally, vtcl had twice the y-EC compared to WT with Cd treatment. GSH 
concentrations for the control condition were the same for WT and cadi while interestingly 
vtcl had nearly 7 times WT levels of GSH. A smaller increase GSH concentrations for the 
vtcl mutant was previously reported for soil-grown plants (Veljovic-Jovanovic et al., 2001). 
When treated with Cd, WT and vtcl GSH concentrations were not significantly different 
from the untreated conditions while the cadi mutant had an approximately 5-fold increase 
compared to untreated conditions and a 4-fold increase compared to WT with 50 (J.M CdCl]. 
Although not changed from untreated conditions, vtcl had nearly 4 times the GSH as WT 
under Cd treatment. As GSH is used as the substrate for phytochelatin biosynthesis, it was 
important to see if there were any differences among the three genotypes in terms of 
phytochelatin production. Without metal, there were no detectable phytochelatins produced 
in WT, cadi, or vtcl. Upon metal treatment cadi still did not produce any PCs, as has been 
previously reported (Howden et al., 1995a). However, WT and vtcl did produce PCs and 
vtcl produced nearly 4 times the PCs as were found in WT. The large amount of PCs 
produced in vtcl may be due to the high levels of endogenous GSH. Previous reports found 
that with increased GSH levels, more PCs are produced (Zhu et al., 1999). 
Changes in transcript levels of biosynthetic genes 
In many cases, changes in transcript levels are some of the first responses when a 
plant is challenged by stresses. To determine if there were differences among the three 
genotypes in transcript levels of AsA, GSH, and PC biosynthetic genes Northern blots were 
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performed for GSH1, the gene encoding GDP-Mannose pyrophosphorylase (GMPase), and 
PCS1. Results are shown in Figure 4. GSH1 is known to have an increase in transcript 
abundance when plants are challenged with a variety of stresses, including heavy metals 
(Xiang and Oliver, 1998). Indeed, with increasing Cd concentration, the G SHI transcript 
abundance increased for WT with the 100 |iM CdCh treatment showing the greatest 
abundance. For cadi, GSH1 transcript increased until 50 |iM CdCh then decreased at 100 
(j.M. vtcl also showed an increase in G SHI transcript with increasing CdCh. Moreover, vtcl 
had the highest amount of transcript of the three types under non-stress conditions. 
The transcript abundance for the gene encoding GMPase was high for WT and cadi 
under control conditions as well as metal treatment with expression decreasing from 0 to 50 
HM CdCl] then returning to 0 pM CdCl% levels at 100 fxM CdCl;. In vtcl, transcript 
abundance was lower than in either the WT or cadi. Although vtcl has a mutation in 
GMPase, it results in loss of some activity, not complete loss of transcript. 
PCS1, like, GSH1 showed an increase in transcript abundance with increasing Cd 
concentration. WT and vtcl had similar patterns of expression, but WT had higher amounts 
of transcript under all conditions than did vtcl. Interestingly, cadi had no detectable 
transcript until 100 }iM CdCl] at which concentration transcript abundance was high. It has 
been previously reported that PCS shows regulation only at very early stages of development 
(i.e. plants less than 15 days) (Lee and Korban, 2002). These plants were 12-14 days old at 
the time of treatment and may show regulation either because of their age or because of the 
manner in which they were grown. 
Activity of antioxidative enzymes 
To establish the response of the antioxidative enzymes in these three genotypes, 
enzyme activities for catalase (CAT), superoxide dismutase (SOD), monodehydroascorbate 
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reductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR) 
were determined (Table 1). CAT activity was similar for WT and cadi with no treatment 
while vtcl showed -30% higher activity compared to WT and cadi. Moreover, when treated 
with 100 pM CdClz, WT and cadi backgrounds had similar activity while vtcl again had a 
30% higher activity. None of the three lines exhibited any difference in activity when treated 
with Cd when compared to the control treatment in the same line. GR activity showed a 
similar pattern in all three lines; activity decreased when treated with 100 fj.M CdCl;. 
However, while each line had statistically lower GR activity when treated with Cd (in 
comparison to the control of the same line) there was no difference among the lines when 
compared to each other for the same treatment. The activity of DHAR for all lines and 
treatments was similar except the control for vtcl. vtcl was significantly higher than WT and 
cadi at 0 (iM CdCl? but not significantly different than the Cd treatment for itself. Activities 
for SOD and MDHAR were unchanged by treating with 100 pM Cd except in vtcl the 
activity of SOD increased with Cd treatment. 
In summary, with the exception of the small changes in activity for vtcl for SOD, all 
three lines exhibited similar response patterns to the Cd treatment. However, it is important 
to note that vtcl activities for CAT and DHAR were higher than those for WT even under 
non-stressed conditions. 
cadi and vtcl accumulate more anthocyanins than WT 
Anthocyanins are pigments that are produced in the cytosol and then shuttled to the 
vacuole possibly through conjugation with GSH via action with glutathione-S-transferases 
(Marrs, 1996). Anthocyanins are antioxidants that protect the plant against ROS produced 
during high intensity light, y-irradiation, and low temperatures (Nagata et al., 2003). Because 
anthocyanin accumulation is dependent, in part, upon the availability of GSH (Xiang et al., 
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2001), we investigated whether or not the increased GSH content in vtcl resulted in an 
increased anthocyanin accumulation. Additionally, we observed that vtcl appeared to have 
more soluble extractable pigment than did WT or cadi and thought this could be 
anthocyanins. Plants were grown under non-stress conditions in liquid culture and then 
treated with either 0 or 50 p.M CdCl] for 24 hours. Under control conditions (Figure 5), cadi 
and vtcl had 3- and 6- times the anthocynanins as did WT, respectively. Upon treatment 
with 50 pM CdCli, WT anthocyanins more than doubled, cadi and vtcl anthocyanin content 
did not increase significantly when exposed to 50 pM CdCl;. The levels of anthocyanins 
were higher by 1.5 and 3 times in cadi and vtcl, respectively, when compared to WT treated 
with 50 pM CdCli. 
Chalcone synthase (CHS) is a gene involved in the production of anthocyanins, and 
so its role in regulation of anthocyanin biosynthesis was investigated. As determined by RT-
PCR (Figure 6) and confirmed by Northern analysis (data not shown) WT levels of CHS 
decreased with increasing Cd concentration, giving indication that although there was an 
increase in extractable anthocyanins, this was not regulated at the level of transcription of 
CHS. Additionally, cadi had greater transcript abundance than WT under control conditions, 
but that was followed by a sharp decrease in transcript starting at 25 pM CdCh. vtcl had 
greater amounts of CHS transcript than WT at all treatments except 100 pM CdCl2, where 
there was little detectable transcript. 
A decrease in AsA causes an increase in transcript abundance of O-acetyl serine thiol 
lyase and serine acetyl transferase, but not adenosine 5-phosphosulfate reductase 
Because the vtcl mutant has increased Cys, y-EC, and GSH under normal conditions, 
the transcript abundance of three genes involved in the sulfur assimilation pathway was 
investigated. Plants were treated with 0, 25, 50, or 100 pM CdCli for 24 hours. Figure 6 
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shows results of reverse-transcriptase PCR analyses, and results were confirmed with 
Northern analysis (data not shown). Both cadi and vtcl had greater abundance for APR1 
(adenosine 5'-phosphosulfate reductase) than WT under ambient conditions although how 
significant this difference is difficult to estimate. Under Cd treatment cadi transcript levels 
were approximately the same as those for the WT while vtcl levels were slightly higher at 25 
pM and 100 pM CdCh. O-acetyl serine thiol-lyase (OAS) transcript levels were higher 
under control conditions for both cadi and vtcl, and this difference decreased with the higher 
Cd concentrations. The expression pattern for serine acetyl transferase (SAT) was very 
different in the different genetic backgrounds. First, WT had little detectable transcript at 0 
pM CdCl:, while cadi had 3-fold more and vtcl had nearly 9 fold more than WT. SAT 
transcript for WT was increased at 25, 50 and 100 pM CdCli compared to 0 pM CdCl;. 
Compared to WT of same treatments SAT transcript for cadi showed lower abundances at 
25, 50 and 100 pM CdCl^. In vtcl, transcript levels are slightly lower than WT at 25 and 50 
pM CdCl: and approximately the same as WT at 100 pM CdCl2. 
DISCUSSION 
Cd is a nonessential metal that is known to cause cellular damage through decreases 
in photosynthetic activity, restricted water and nutrient uptake, chlorosis, and, at high enough 
concentrations, death (Foy et al., 1978; Sanita di Toppi and Gabbrielli, 1999). Additionally, 
Cd can cause oxidative stress through interaction with GSH. Because Cd causes oxidative 
stress and can affect photosynthetic activity, it can be assumed to affect the AsA-GSH cycle 
that takes place in the chloroplast as well as the AsA-GSH cycle in other organelles. Based 
on this understanding, it was important to investigate how Cd affects the components of the 
ascorbate-glutathione cycle. 
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From this experiment four main points can be made. 1, GSH, its precursors, and PCs 
are affected by Cd while AsA levels are not affected by Cd. 2, with the exception of GR, 
AsA-GSH cycle component enzymes are nonresponsive to the Cd-induced changes within 
the plant under these conditions. 3, cadi and vtcl mutants are experiencing some stress 
under ambient conditions and in response, accumulate more anthocyanins. 4, early evidence 
suggests that the flux through the sulfur assimilation pathway and production of GSH may be 
dependent either directly or indirectly upon AsA levels within the cell. 
Point #1. Under the conditions tested here, AsA concentration did not change when 
the plants were imposed with 25 pM Cd stress, and vtcl had less AsA under all conditions 
than WT and cadi. Levels of AsA are not affected by Cd, nor were there changes in 
transcript levels of the gene encoding GMPase for any of the lines tested (Figures 2 and 4). 
However, GSH and its precursors are influenced by the presence of Cd. In WT, there is a 
significant increase in y-EC with Cd treatment, while there is no change in GSH or Cys levels. 
GSH1 transcript also increased upon treatment with Cd in WT. The cadi mutant had thiol 
concentrations similar to those of WT under control conditions, but when treated with Cd, 
concentrations of Cys, y-EC, and GSH all significantly increased. Additionally, cadi had an 
increase in transcript of GSH1 but only at 50 pM CdClz. The decrease in transcript at 100 
pM CdCl2 in cadi might be explained by the toxicity of Cd to this line at higher 
concentrations. In WT plants, PC production offsets the added GSH production resulting in 
no net increase in GSH concentrations. But, in cadi where PCs are not produced, GSH 
concentrations increase as does the production of the GSH precursors Cys and y-EC. GSH 
production has multilevel control including regulation of transcription of GSH1 and enzyme 
activity at the level of y-glutamyl synthetase, including feedback inhibition by GSH itself. 
This intricate regulation usually keeps GSH concentrations relatively constant. However, 
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GSH concentration increases dramatically in cadi under Cd stress showing that feedback 
inhibition can be at least partially overcome by the stress response. 
The vtcl mutant had higher endogenous levels of GSH than WT, and upon Cd 
treatment had significantly higher concentrations of all thiols tested. Congruently, the 
transcript of GSH1 also increased with increasing Cd in vtcl. This is consistent with 
previous studies and confirms that as demand for GSH increases (as occurs in metal 
exposure) its biosynthesis is increased (Xiang and Oliver, 1998). Therefore, in all three lines, 
the precursors of PCs were increased upon Cd treatment indicating the adjustment of the 
GSH biosynthetic pathway to accommodate the demand for GSH. 
Along with an increased capacity for GSH production under Cd stress, WT and vtcl 
produced PCs and as stated previously, cadi did not produce any PCs. Surprisngly, the vtcl 
mutant produced significantly more PCs than WT under these conditions. The increased 
production of PCs is believed to be a direct result of the high endogenous GSH 
concentrations. Previous reports support these data suggesting that with increased GSH 
levels, more PCs are able to be produced (Zhu et al., 1999). Additionally, vtcl had lower 
PCS transcript abundance than WT at both 0 and 50 pM CdCh indicating that the 
transcriptional regulation does not lead to increased PCS production. This has been 
previously reported in transgenic lines overexpressingv4/PGS7 with increased mRNA, but 
not increased PC production (Gong et al., 2003). Further, regulation of PCS by the 
concentration of its substrate (GSH) and not PCS protein content is shown by Gong et al. 
(2003) giving added credibility to the reasoning behind GSH directly causing increased 
concentrations of PCs in vtcl. 
The huge increase in PCS transcript in the cadi line at 100 pM CdCl? when no 
transcript is seen at lower concentrations of Cd is an interesting finding (Figure 4). We 
speculate that this could be due to the stability of the mutated PCS transcript, the total 
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amount of transcript being transcribed, or a combination of the two. When there is little or 
no Cd present, the little mRNA that is transcribed could be highly unstable. But, under high 
concentrations of Cd, transcription of PCS mRNA would increase and stability could 
increase because of the high concentration of this transcript. 
Point #2. To support the data that AsA and its constituent enzymes are not influenced 
by Cd, we have shown that there is not a large change in the activity of SOD, CAT, DHAR, 
and MDHAR in these plants when treated with Cd. CAT activity is not found in the 
chloroplast and mitigates oxidative stress response in peroxisome. CAT activity did not 
change with Cd treatment, indicating that the production of H2O2 was either not increased by 
Cd or that the amount of CAT present was sufficient to handle the increased ROS. SOD and 
MDHAR also did not increase with metal treatment, indicating that these enzymes were also 
not affected by Cd. 
In spite of the nonresponsive nature of the enzymes tested to Cd, an important piece 
of information is that the vtcl mutant exhibits an increased CAT and DHAR activity when 
compared to WT regardless of the condition tested. Because this occurs under all conditions, 
it can be assumed that the increased activity is not caused by Cd, but rather, by the low 
concentration of AsA. Indeed, AsA has been shown to regulate enzyme activity (Noctor and 
Foyer, 1998; Horemans et al., 2000; Pastori et al., 2003) and also serves as a signal of 
cellular redox status which, in turn, may induce transcription and further induction of several 
pathways, including the CAT and DHAR enzyme activities. DHAR is important within the 
chloroplast as well as in other cellular compartments to maintain the reduced pool of AsA. If 
there is little AsA to begin with this enzyme is vital in maintaining what AsA there is in the 
reduced state. Some metals such as Cu are known to induce the components of the 
ascorbate-glutathione cycle in non-photosynthetic tissue (Gupta et al., 1999). Cu is known to 
react directly with superoxide ion to produce other ROS through the Fenton reaction. Cd, on 
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the other hand, does not participate in the Fenton reaction, but can cause oxidative stress 
indirectly through interaction with GSH. It is plausible that prior to having an effect on the 
chloroplast or other organelles, Cd is being complexed by organic ligands such as 
phytochelatins, cell wall constituents, or GSH itself. If this is the case, Cd would not have a 
major effect on the redox status in the chloroplast. While a long-term constant stress 
imposed by Cd may cause an eventual increase in the activities of the enzymes of this system, 
it is likely this would be caused by depletion of the GSH pool and eventually poisoning of 
susceptible enzymes. 
The activity of GR did increase with increasing Cd concentration. As GR is found in 
both the cytosol and the chloroplast the decrease in activity could be a decrease in cytosolic 
GR only while chloroplastic GR activity is unchanged. Another possibility is that as GSH is 
utilized by PCS to produce phytochelatins that GR activity is lost. However, this hypothesis 
loses credibility because the levels of GSH were high in both the vtcl and cadi mutants and 
their GR activity still decreased with increasing Cd concentration. 
Point #3. The cause of the high levels of anthocyanins in both vtcl and cadi is 
unknown, but since anthocyanins are believed to respond to stress conditions, it may be that 
there is stress for the cadi and vtcl even under seemingly ideal conditions. Transcript 
abundance of chalcone synthase was high in untreated cadi and vtcl and lower in WT while 
the relative concentrations of anthocyanins were the opposite suggesting that production of 
anthocyanins is not necessarily dependent upon transcript level. However, this does not take 
into account the stability of anthocyanins which may have been produced prior to the Cd 
stress. 
Point #4. The fact that vtcl had an elevated GSH concentration compared to WT 
even in non-stress conditions was a surprising finding as were the increases in Cys, y-EC, and 
PC levels in vtcl when treated with Cd. These values were also higher than those of WT 
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treated with Cd. Thus, low AsA concentration clearly directs augmented synthesis of GSH 
and the GSH precursors, Cys and y-EC. While APR1, SAT, and OAS transcripts are all 
known to respond to heavy metals (Leustek et al., 2000; Howarth et al., 2003) no evidence of 
control of these genes by AsA has been given. However, the fact that vtcl had higher SAT 
transcript abundance than did WT under ambient conditions may give some indication of 
control of these genes by AsA. This finding may give insight into why vtcl has more GSH 
than does WT. SAT has been previously reported to play a role in increasing Cys 
biosynthesis when demand for GSH is high (Howarth et al., 2003) and its overexpression can 
increase Cys concentrations and subsequently GSH levels (Blaszczyk et al., 1999). The vtcl 
mutant had 9-fold increase in the SAT transcript under normal conditions and could therefore 
be capable of increased Cys (and subsequently GSH) levels. The vtcl gene also had a 
slightly higher OAS transcript abundance than did WT, although it is difficult to say how 
significant this increased transcript abundance is. However, it has been reported that high 
concentration of O-acetyl serine (the substrate for the OAS enzyme) can overcome feedback 
inhibition of sulfur assimilation by thiols (Leustek et al., 2000). The plants in this study were 
grown under conditions where sulfur and nitrogen, the two nutrients that control sulfur 
assimilation, were not limiting. Therefore, it can be assumed that the increase in GSH in vtcl 
is in part due to an increase in sulfur assimilation. It can then be postulated that in order to 
protect the low AsA plant from excess oxidative stress, there is some control of the 
production of GSH at the level of sulfur assimilation. Perhaps the concentration of AsA 
serves as a signal of redox availability and the lack of AsA provides clues to the cell to make 
more GSH when AsA is low. 
The ability of the plant cell to cope with a variety of responses is essential to the 
survival of the plant. It is important that essential pathways are conserved and protected 
from damaging influences of biotic and abiotic stresses. While the complexity of regulation 
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is only now being estimated within the plant cell, it is evident that there is far greater 
regulation than was once estimated. 
MATERIALS AND METHODS 
Plant growth conditions 
Plants were grown in an Arabidopsis growth chamber under standard conditions with 
constant temperature (22 °C) and 24-hour photoperiod (250 pinoles PAR rrfV1). Plants 
grown in liquid culture follow the method of Xiang and Oliver (1998). 
Quantification of AsA and Thiols 
AsA was isolated and quantified using the ascorbate oxidase method described in 
(Conklin et al., 1996). Tissue was homogenized in 0.5 ml of 1 M HCIO4 per 50 mg tissue 
and the solution was cleared by centrifugation at 13,000 x g for 5 minutes at 4 °C. The 
supernatant was transferred to a new tube and 0.1 M HEPES/KOH (pH 7.0) was added in a 
1:5 ratio (buffer:extract). The solution was neutralized to pH 5.6 with 1 M K2CO3 and 
centrifuged again at 13,000 x g for 5 minutes at 4 C to remove precipitate. Ascorbate was 
determined spectrophotometrically by measuring the difference in A265 before and after 
addition of ascorbate oxidase to 50-150 pi supernatant in a total volume of 1 ml of sodium 
phosphate buffer. A standard curve for ascorbate was made using 0-200 pM ascorbate in 
sodium phosphate buffer. 
Thiol containing molecules including Cys, y-EC, GSH, and PCs were isolated, 
derivatized with monobromobimane, separated, and quantified by HPLC as described (Xiang 
and Oliver, 1998). 
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RNA analysis 
RNA isolation was performed using a modified version of the method by Kirk and 
Kirk (1985) adapted for smaller samples as described in Lutziger and Oliver (2000) or with 
Trizol reagent (Invitrogen) when samples were used in RT-PCR. For Northern analysis, 10 
pg of RNA was loaded onto a 1.2% formaldehyde agarose gel. Blotting was performed via 
standard methods using capillary action onto Zetaprobe (BioRad) nylon blotting membrane. 
To secure the RNA to the membrane, it was UV cross-linked using a Stratalinker 
(Stratagene). 
All probes were made using the RadPrime DNA labeling System (Life technologies). 
All probes for Northern and Southern blots were made using RadPrime random labeling kit 
as instructed utilizing d-CT32P as radiolabel. 
Sequences used in preparing primers for cysteine biosynthetic genes were obtained 
from NCBI and correspond to the following genes: SAT, Atlg55920 {Atsat-1)\ CHS, 
At5gl3930; OAS, At4g 14880; APR1, NCBI accession number U53864. 
Analysis of antioxidative enzyme activity 
Protein extraction was performed by the method of Hodges and Forney (2000). 
Briefly, 0.75-1.0 g of leaf tissue was homogenized with 50 mg sand and 50 mg PVPP in 3 ml 
of chilled protein extraction buffer (100 mM potassium phosphate buffer, pH 7.5, 1.0 mM 
EDTA, and 1.0 mM ascorbic acid). The homogenate was then centrifuged at 10,000 X g for 
15 minutes at 4° C and the resulting supernatant was used for enzyme analysis. Protein 
concentrations were determined using the Biorad Protein Assay (Biorad) based on the 
Bradford method (Bradford, 1976) with BSA as standard. 
Catalase Activity was determined by an adapted method of Aebi (1983). The 
reaction mixture contained 100 mM potassium phosphate buffer (pH 6.5), 1.0 mM EDTA, 
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and 30 mM H2O2. Total reaction volume was 1 ml with reaction mixture and approximately 
100 pg protein. The reaction was followed at A240 for 1 minute and the rate was determined 
by following the catalase-dependent decomposition of H2O2 at A240 (e= 39.4 M"1 x cm"1). 
Dehydroascorbate reductase This assay was performed using the protocol as 
described by Doulis et al. (1997). The assay mixture contained 90 mM potassium phosphate 
buffer (pH 7.0), 0.1 mM EDTA, 5.0 mM GSH (reduced), and approximately 50 pg protein. 
The reaction was initiated by adding 0.2 mM freshly made dehydroascorbate (DHA). 
Activity was determined by following the reduction of DHA at A265 nm after accounting for 
non-enzymic reduction of DHA by GSH (e = 2.8 mM"1 x cm"1). 
Monodehydroascorbate reductase Reaction mixture contained 90 mM potassium 
phosphate buffer (pH 7.5), 0.01 mM EDTA, 0.0125% Triton X-100, 2.5 mM ascorbate, 0.25 
units ascorbate oxidase, 0.1 mM NADH, and up to 50 (j.g of protein. The reaction was 
followed by measuring the decrease in absorbance at 340 nm due to NADH oxidation (e = 
6.2 pM"1 x cm"1). 
Superoxide dismutase Reaction mixture contained 65 mM potassium phosphate 
buffer (pH 7.5), 0.01 mM EDTA, 0.5 mM xanthine, 0.13 mM cytochrome c, 0.025 units 
xanthine oxidase, and 200 jag protein. The activity was determined by following the 
inhibition of the reduction rate of cytochrome c between reaction mixtures with and without 
protein extract at 500 nm. (s = 15.3xl03 pM'1 x cm"1 for cytochrome c). 
Glutathione reductase Reaction mixture contained 80 mM K+PC>4 (pH 8.5), 1.5 mM 
EDTA, 2.5 mM oxidized glutathione, and 100 pg of protein. The reaction was initiated by 
the addition of 0.125 mM NADPH in 1% NaHCO] and followed by monitoring the oxidation 
of NADPH at A340 as indicated by a decrease in absorbance over time (e = 6.2 pM"1 x cm'1). 
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Anthocyanin isolation 
Extraction of anthocyanins was performed as described by Bariola et al. (1999). 
Briefly, harvested tissue was ground to a fine powder by using liquid N?, and extraction was 
performed using 1 ml of 1% HCl (in methanol) per 0.1 g tissue. The mixture was shaken at 
room temperature for 2 hours then 0.8 ml chloroform was added per 0.1 g tissue. After 
mixing thoroughly, 2.0 ml ddH;0 was added per 0.1 g of tissue and the mixture was again 
mixed thoroughly. Organic and aqueous phases were separated using a clinical centrifuge at 
5,000 x g for 5 minutes. Relative anthocyanin content was determined by measuring the 
absorbance of the aqueous phase at A530-A657 (1 part HCl in methanol to 2 parts water by 
volume was used as a blank). 
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Figure 1. Ascorbate-Glutathione cycle modified from Noctor and Foyer (1998). 
Abbreviated AsA and PC synthesis included for detail. Abbreviations for molecules and 
enzymes as reported in text. 
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Figure 2. Ascorbate content of WT, cadl, and vtcl after 24 hour treatment with • 0 (iM 
or m 25 (J.M CdCl2. Error bars represent SD of n=6. "statistically different than WT of 
same treatment (P<0.05 according to Student's t-test). 
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Figure 3. Thiol concentrations of WT, cadl, and vtcl treated with 0 or 50 pM CdCl2 for 
24 hours. Error bars indicate SD of n=4 samples. a statistically different than WT of 
same treatment,b statistically different than control of same line (P<0.05 according to 
Student's t-test) 
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Figure 4. Northern analysis for genes involved in GSH, AsA, and PC biosynthesis. 
Plants were treated with 0, 50, or 100 |iM CdCl2 for 24 hours. 
Table 1. Enzyme activity data. Values given in the following units: CAT, jimol H202 
consumed mg protein"'min1; GR, nmol NADPH oxidized mg protein"'min1; DHAR, 
jxmol ascorbate produced mg protein"'min1; MDHAR, pmol NADH oxidized mg protein 
'min1; SOD nmol cyt c conserved mg protein"'min1. 
WT cadl vtcl-
[iM CdCl2 0 100 0 100 0 100 
CAT 25.1 ±3.8 19.9 ± 3.4B 21.1 ±5.8 20.2 ±3.8 36.5 ± 5.7- 30.8 ± 5.2" 
GR 49.7 ± 6.8 33.1 ± 12.8B 52.6 ±9.2 23.8 ± 4.2B 59.0 ± 14.4 41.6 ± 8.1B 
DHAR 1.7 ±0.3 1.9 ±0.2 1.6 ±0.4 1.5 ±0.3 2.6 ± 0.6" 2.4 ± 0.6 
MDHAR 91.5 ± 11.0 97.7 ± 28.6 85.0 ± 8.8 72.8 + 7.8 96.6 ± 5.0 115.4 ± 11.3 
SOD 8.7 ± 1.1 6.2 ±2.8 7.0 + 0.1 6.2 ± 1.8 7.2 ±0.5 10.0 ± 0.2B 
a statistically different than WT of same treatment 
b statistically different than control of same line 
Values represent means ±SD of n=6 samples 
P<0.05 according to student's t-test 
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Figure 5. Relative anthocyanin (A530-A657) content in plants treated with 0 or 50 pM 
CdCl2 for 24 hours. Error bars represent mean ± SD n=4. a statistically different than WT 
of same treatment, b statistically different than control of same line (P<0.05 according to 
Student's t-test) 
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Figure 6. RT-PCR of genes involved in anthocyanin biosynthesis and sulfur assimilation. 
Values given are ratios of relative intensities of cadi and vtcl to WT of same treatment. 
Abbreviations: CHS, chalcone synthase; APR1, adenosine 5k-phosphosulfate reductase; 
OAS, O-acetyl serine thiol lyase; SAT, serine acetyl transferase. 
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CHAPTER 4. 
y-GLUTAMYL TRANSPEPTIDASE IN ARABIDOPSIS THALIANA 
RESPONDS TO CADMIUM STRESS 
ABSTRACT 
As the major non-protein thiol in plants, glutathione plays an important role in many 
cellular functions including amelioration of metal stress through production of phytochelatins. 
While its biosynthesis is known to be regulated at different levels by metal stress, little is 
known about the regulation of glutathione degradation under any circumstances including 
exposure to heavy metal stress, y-glutamyl transpeptidase (GGT) is the only known enzyme 
capable of glutathione degradation, and three genes encoding proteins with GGT activity 
have recently been identified in Arabidopsis thaliana. Two genes encoding GGT, GGT1 and 
GGT3, whose expression is found in the leaves and roots of Arabidopsis were investigated 
for their response to heavy metal stress. Cadmium, a metal known to activate the glutathione 
and phytochelatin biosynthetic pathways, caused an increase in GGT activity and mRNA 
levels of both GGT1 and GGT3. Possible roles of GGT in heavy metal stress tolerance are 
discussed. 
INTRODUCTION 
The tripeptide glutathione (GSH; y-glu-cys-gly) is the major non-protein thiol within 
the plant cell (Bergmann and Rennenberg, 1993) and can be readily oxidized to glutathione 
disulfide (GSSG). GSH possesses a number of properties including stability, high solubility, 
and ability to participate in redox reactions that contribute to the ability of GSH to participate 
in a number of important cellular functions (For a thorough review see (Noctor and Foyer, 
1998). For example, GSH is essential in the movement and storage of organic sulfur (May et 
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al., 1998; Foyer et al., 2001) and participates in protecting the plant cell from oxidative stress 
caused by H2O2 by providing reducing equivalents for in the ascorbate-glutathione cycle to 
regenerate reduced ascorbate from dehydroascorbate. Also, GSH is involved in the 
detoxification of xenobiotics and other organic molecules through the enzyme action of 
glutathione- S -transferases (Marrs, 1996). As the substrate for phytochelatin production, 
GSH plays an important role in the detoxification of heavy metals (Grill et al., 1987; Cobbett 
and Goldsbrough, 2002). Finally, GSH is implicated as an important molecule in the control 
of cell division (Cheng et al., 1995; Howden et al., 1995). 
The biosynthesis of GSH occurs in a two-step reaction utilizing its component amino 
acids, glutamate, cysteine, and glycine, as well as ATP. The first enzyme in this reaction y-
glutamylcysteine synthetase (y-ECS) is the control point in this reaction and produces the 
intermediate y-glutamyl cysteine (y-EC) (Arisi et al., 1997). This reaction forms the stable y-
glutamyl bond that prevents GSH from being subject to normal protease activity (Taniguchi 
and Ikeda, 1998). The second enzyme, glutathione synthetase (GS), catalyzes the formation 
of GSH from y-EC and glycine. The biosynthesis of GSH is regulated by transcriptional, 
posttranscriptional, and feedback inhibition by GSH (Xiang and Oliver, 2002) all at the site 
of y-ECS. While the biosynthesis of GSH has been studied for a number of years, the 
breakdown and metabolism of GSH in plants is a relatively understudied topic. 
y-glutamyl transpeptidase (GGT) is the only known enzyme capable of breaking the 
stable y-linkage between the glutamyl and cysteine moieties of GSH (Taniguchi and Ikeda, 
1998). GGT transfers the y-glutamyl moiety from GSH to an acceptor molecule that can be 
any of a number of amino acids and other small peptides (Tate and Meister, 1985). In 
animals, GGT is involved in what is termed the y-glutamyl cycle (Meister and Larsson, 1995) 
wherein GSH is exported out of the cell and the y-glutamyl moiety is transferred to an 
acceptor molecule. The cys-gly is then cleaved, and the products of this reaction can be 
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translocated back into the cell. The y-glutamyl cycle is thought to play an important role in 
sulfur regulation as it allows the recovery and transport of cysteine (Meister and Larsson, 
1995). Mice deficient in GGT have cysteine deficiencies, growth retardation, and are 
infertile (Lieberman et al., 1996; Harding et al., 1997). In the fungus Agaricus bisporus, 
GGT is involved in the production of y-glutamyl peptides that are formed during ripening 
and are found in the storage tissues (Jolivet et al., 1998). 
Although GGT has been identified in plants, its precise function is still unknown. 
Recently Martin and Slovin (2000) purified two GGT enzymes from tomato fruit. Their 
results suggest that like the animal form of the protein, GGT proteins in plants are able to use 
a variety of y-glutamyl donors as substrates, and GGT is localized to the membrane surface 
of the cell. Additional support of this model of plant GGTs is shown by Storozhenko et al. 
(2002) through the overexpression of an Arabidopsis GGT homolog in tobacco. In onion, 
GGT is implicated in the production of the flavor precursors alk(en)ylcysteine sulphoxides 
by hydrolyzing the y-glutamyl moiety from the y-glutamyl alk(en)ylcysteine sulphoxides 
(Lancaster and Shaw, 1994). In other plants, GGT enzymes are thought to be important in 
production of secondary metabolites including y-glutamyl peptides that are stored in seeds or 
bulbs (Kasai et al., 1982; Storozhenko et al., 2002). 
Recently, three genes encoding GGT have been identified in Arabidopsis, named 
GGT1, GGT2, and GGT3 (Storozhenko et al., 2002) (Oliver lab, unpublished results) as well 
as what appears to be a truncated copy of a GGT named GGT4. GGT I is found throughout 
the plant, but expression is highest in leaves and roots. A ggtl knockout shows -80% 
decrease in GGT activity in leaves with no changes in the other tissues of the plant. This 
mutant shows no difference in GSH content of any tissues compared to WT, but exhibits an 
early yellowing in older leaves. GGT2 is expressed most highly in the developing siliques, 
and a ggt2 knockout shows a decreased GGT activity in siliques. GGT3 is expressed in all 
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tissues but its function is as yet unknown (Oliver lab, unpublished results). Based on 
targeting sequence analysis, GGTl and GGT2 are believed to be localized in the plasma 
membrane while GGT3 is predicted to be localized to the endomembrane system and 
possibly the vacuole. 
Based on current results, it is proposed that GGTl and GGT2 function in mobilizing 
GSH for transport from source tissue to sink tissue (unpublished data). Under this proposed 
model, GGTl functions in the breakdown of extracellular GSH, which is then loaded into the 
phloem, reconstituted into GSH, and transported to siliques where it is then exported to the 
extracellular space, broken down into its constitutive amino acids by GGT2, and the amino 
acids are then imported to the developing seed in the silique. This function may also prove 
useful in the production of the secondary metabolite y-glutamyl peptides that are known to be 
stored in seeds of some plants including soybean (Ishikawa et al., 1967; Storozhenko et al., 
2002). Promoter GUS fusions of GGTl and GGT2 reveal phloem-specific and seed-specific 
expression, respectively (unpublished data). 
As stated previously, GSH plays a key role in heavy metal tolerance within the plant 
cell. The nucleophilic thiol group readily binds to the electrophilic metal group. Vatamaniuk 
et al. (2000) gives evidence for direct binding of metals with GSH. Additionally, GSH is the 
precursor molecule for phytochelatins (PCs), which are important scavenging molecules for 
some heavy metals including cadmium, mercury, and arsenate. PCs are made de novo in the 
presence of metal ions and then bind to the metal ion following which they are sequestered to 
the vacuole. In Arabidopsis, genes involved in GSH biosynthesis are upregulated in the 
presence of heavy metals and PCS enzyme activity is dependent upon heavy metals (Grill et 
al., 1989; Loeffler et al., 1989; Vatamaniuk et al., 2000; Oven et al., 2002). When PCS is 
activated by metals, PC synthesis becomes a sink for GSH. Because GSH is so widely used 
for in heavy metal tolerance, it is hypothesized that the breakdown of GSH is also somewhat 
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regulated by the presence of heavy metals. Indeed, Karamakar et al. (1999) noted an increase 
in y-GT activity in the liver and kidney of mice when exposed to cadmium. This 
phenomenon has not been reported in any plant systems to date and so provides an 
interesting area of study. Therefore the purpose of this study was to determine the response 
of GGT enzyme activity and mRNA levels to heavy metal stress in Arabidopsis. 
RESULTS 
GGT activity increases in WT plants upon treatment with Cd but not Zn or Cu 
To investigate the response of the GGT pathway in Arabidopsis we first looked at the 
pattern of mRNA expression when challenged with different metal stresses. It has been 
noted that only certain metals elicit the response of the PC pathway and likewise the GSH 
biosynthetic pathway. To determine if these same metals elicit a similar response in the GGT 
pathway we utilized two known PC-inducing metals, Cd and Cu, and one metal that does not 
trigger the PC pathway, Zn. Plants were grown in liquid culture for twelve days and then 
treated with 50 pM ZnCl, CdCh, or CuCl for 24 hours. Extraction of whole plant tissue for 
GGT activity was then performed. Along with WT, two different lines of Arabidopsis were 
utilized in this experiment to gain a deeper understanding of the role of metals in GGT 
response, cadl-3 is a Cd-sensitive mutant that has a point mutation in AtPCSl, the gene 
encoding phytochelatin synthase (Howden et al., 1995). Therefore, cadl-3 is unable to make 
phytochelatins. cadl-3 has similar levels of GSH within the plant unless challenged with 
metals upon which it has an increased concentration of GSH compared to WT as the PC 
pathway is blocked, but the GSH pathway is not (data not shown), vtcl-1 is a mutant with 
only 30% of WT ascorbic acid (Conklin et al., 1996; Conklin et al., 1997) and when grown in 
liquid culture has high levels of GSH compared to WT (data not shown). These two mutants 
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were chosen for examination along with WT because they may show how different levels of 
GSH may affect the response of the GGT pathway under heavy metal stress. 
As seen in Figure 1, WT plants showed no significant difference in GGT activity 
when treated with Zn or Cu for 24 hours. However, WT had a -75% increase in GGT 
activity when treated with Cd. vtcl-l responded in a very similar manner to WT with no 
significant difference in GGT activity when treated with Zn or Cu. Yet, like WT, the vtcl-l 
mutant had a significant increase in GGT activity when treated with Cd although this 
increase was only -25%. The values of WT and vtcl-l were similar for all treatments, 
respectively. Unlike WT and vtcl-l, cadl-3 showed no significant changes in GGT activity 
with any treatment. This could be due to the toxic nature of metals to the cadl-3 mutant or a 
mechanism by which the increased GSH content under metal stress keeps GGT activity low. 
GGT genes show increased expression when treated with Cd 
Under normal conditions, GGTl is expressed primarily in the leaves and roots 
(unpublished data from Oliver lab), and transgenic plants carrying the GUS reporter gene 
driven by the GGTl promoter (GG7i::GUS) show GUS activity in the vascular elements 
throughout the plant. Although GGT activity in WT plants did not significantly increase 
with Zn application, expression of GGTl increases slightly (Fig 2a). However, there was a 
marked increase in transcript abundance when WT plants are treated with Cd. This is in 
agreement with enzyme-activity increase seen in WT with Cd treatment. Cu treatment 
increased the transcript abundance also, but not to the same extent as Cd. The cadl-3 mutant 
exhibited a higher GGTl expression than WT under no metal treatment, and also had an 
increase in expression upon treatment with Cd, but not Zn or Cu. Treatment with Zn, Cd, or 
Cu did not have any effect on GGTl expression levels of vtcl-l, but its expression was 
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higher than both WT and cadl-3 under all conditions. Equal loading of RNA was confirmed 
by ethidium bromide visualization (data not shown). 
To test whether the increase in transcript abundance of GGTl caused by Cd responds 
in a dose-dependent manner, WT and cadl-3 plants were subjected to 24-hour treatment with 
0,25, 50, and 100 pM CdC^. vtcl-l plants were not tested due to the nonresponsive nature 
of GGTl to metal treatment. Transcript abundance in WT increased with increasing Cd 
concentration such that expression was greatest at the highest at 100 pM CdClz (Fig. 2b). In 
cadl-3, expression was high under any of the Cd treatments given. Equal loading of RNA 
was confirmed by ethidium bromide visualization (data not shown). Cd-related induction of 
GGTl was further examined utilizing transgenic plants GG77::GUS transgenic plants. 
Following 6-hour treatment with 25 pM CdClz, the GGTl promoter caused an increased 
expression of GUS in roots of GG77::GUS, while seedlings treated with H%0 had only slight 
GUS expression in roots (Fig 2c). 
In previous studies it was shown that GGT2 expression is found almost exclusively in 
developing siliques at extremely low levels. Therefore, GGT2 expression was not examined 
in this study. This reasoning does not exclude the possibility that under metal stress GGT2 
expression is altered in organs other than siliques. 
GGT3 expression is normally found at high levels throughout all organs of 
Arabidopsis (Oliver lab, unpublished data). With increasing Cd concentrations, GGT3 
expression in WT increased until 50 pM CdCl? followed by a sharp decrease at 100 |iM 
CdClz. The cadl-3 mutant also had an increase in GGT3 expression at 25 (iM CdCh 
followed by a decrease at 50 and 100 pM CdCl;. The vtcl-l mutant did not show any 
changes in expression of GGT3 at any of the levels tested in this study. 
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DISCUSSION 
The response of the GSH biosynthetic pathway to heavy metal stress has been known 
for a number of years (Grill et al., 1989; Xiang and Oliver, 1998). GSH biosynthesis and 
transcription of genes in the biosynthetic pathway are induced by the presence of heavy 
metals. Here we have presented evidence that Cd, a metal known to upregulate GSH 
biosynthesis and activate phytochelatin synthase is also involved in the upregulation of GSH 
degradation through increased transcript abundance of GGTl and GGT3 as well as increased 
GGT activity. Upregulation and increase in enzyme activity suggest that GGT is involved in 
the plant reponse to heavy metal stress. Unfortunately, unless knockouts of the individual 
GGT genes are used it is difficult to differentiate among the GGT activities and determine 
exactly which protein (or combination of proteins) is responsible for the increase in GGT 
activity. 
The upregulation and increased activity of GGT is an interesting finding in 
Arabidopsis. Possible roles for this response include breaking down GSH conjugates 
including GSH metal, PC-metal complexes, or y-glutamyl amino acids moving GSH from 
one location in the plant to another allowing GSH to be resynthesized to provide protection 
from oxidative stress and metal toxicity. According to sequence analysis, GGT3 is thought to 
reside as part of the endomembrane system, and perhaps in the vacuolar membrane. Perhaps 
this gene is responsible for turnover of GSH conjugates in the vacuole and releasing the 
constituent amino acids back into the cytosol. Evidence for this is found in Saccharomyces 
cerevisiae, where the GGT enzyme encoded by the CIS2 gene plays a role in the turnover of 
vacuolar GSH through releasing the breakdown products into the cytosol (Mehdi et al., 2001). 
By increasing the GGT3 component of GGT activity, GSH conjugated in the plant vacuole 
could be released back into the cytosol where it is available for GSH-mediated metal 
response, including the production of phytochelatins. 
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GGTl is found in the vascular system and primarily in the phloem (unpublished data). 
So demand for GSH redistribution may be the cause for the increase in GGT activity under 
metal stress. Under most circumstances, the roots are the first contact point for metal uptake; 
however, GSH concentrations are much higher in the leaves than in the roots. Movement of 
GSH from the leaves to the roots may occur upon the onset of metal stress. Under these 
conditions, it is probable that GGTl expression is increased along with GGT activity in order 
to facilitate the transport of GSH from areas of production to areas of GSH consumption. 
While these proposed mechanisms may occur, definitive evidence would only come 
from further investigation of this system. Proposed experiments include examining the 
response of individual GGT genes and GGT activity to different metals including others that 
are known to induce the GSH metal-response pathway. Because little is known about the 
control of GGT genes in response to any stress comparison of metal stress with other 
oxidative stresses will also provide insight into congruent pathways that elicit or depress the 
response of the GGT pathways. 
MATERIALS AND METHODS 
Plant growth conditions 
All plants utilized in this study were grown in liquid culture following the method of 
Xiang and Oliver (1998), unless otherwise noted. Briefly, approximately 50 surface 
sterilized seeds were placed in 125 mL flasks containing 40 mL of medium (half-strength 
Murashige and Skoog salts, 0.5 g of MES per liter, 2% sucrose, and 0.018% K2HPO4, pH 
5.8). Samples were kept under constant light on a rotary shaker at 22 °C. 
Seedlings grown for GUS staining were germinated in Petri dishes on filter papers 
saturated with MS media as described above. Samples were also kept under constant light at 
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22 °C. Seedlings were treated by immersing in either MS media supplemented with 25 pM 
CdCb or H2O for 6 hours followed by immediate staining with X-gluc. 
GUS Staining 
Seedlings were stained with a sterile GUS staining solution consisting of half-strength 
Murashige and Skoog salts, 0.5% sucrose, and 50 mM NaF^PCU; pH 7. Immediately prior to 
use X-gluc (5-bromo-4-chloro-3-indolyl P-D glucuronide) was added to a final concentration 
of 0.5 mg/ml. GUS staining was allowed to proceed overnight at room temperature. 
GGT assay 
Crude extracts of GGT were prepared using a modified version of the protocol 
described in Martin and Slovin (2000). Briefly, 200 mg of tissue was ground in 400 pi of a 
buffer containing 100 mM Tris-HCl, pH 8.0, 1 mM benzamindine, 1 mM 6-amino-n-
hexanoic acid, 1 mM phenylmethylsulfonyl fluoride [PMSF],1 pM leupeptin and 0.1% 
Triton X-100. During extraction 1 mg of polyvinylpolypyrrolidone (PVPP) was added, and 
the resulting mixture was incubated on ice for 5 min then centrifuged at 16,000 x g for 15 
min at 4° C. Following centrifugation the supernatant was used to determine GGT activity. 
GGT activity was measured spectrophotometrically at 410 nm using y-glutamyl-p-
nitroanilide (y-GPNA) as the substrate molecule and glycylglycine as the acceptor molecule. 
The transpeptidase activity was determined as described in Tate and Meister (1985). The 
reaction occurred in 1 ml total volume containing 100 mM Tris-HCl (pH 8.0), 5 mM y-
GPNA, and 100 mM glycylglycine with the addition of the protein initiating the reaction. 
Activity was measured over a 10 min interval. One unit of GGT activity was defined as the 
amount of enzyme catalyzing the formation of 1 nmol p-nitroanilide per minute. 
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Total protein was determined using the BCA (bicinchoninic acid) protein assay by 
Pierce according to the manufacturer's instructions. 
RNA isolation and Northern analysis 
RNA was isolated from whole plants by using the method described by Lutziger and 
Oliver (2000) which is a variation of the method described by Kirk and Kirk (1985) utilizing 
aurin tricarboxylic acid (ATA) and a phenol extraction. 
For Northern analysis, 10 pg of RNA (as determined by 260/280 spectrophotometry 
analysis) was loaded onto a 1.2% formaldehyde agarose gel. Blotting was performed via 
standard methods using capillary action onto Zetaprobe (BioRad) nylon blotting membrane. 
RNA was secured to the membrane by UV cross-linking using a Stratalinker (Stratagene). 
Probes were made using the RadPrime DNA labeling System (Invitrogen) utilizing d-CT32P 
as radiolabel. GGTl and GGT3 probes were cDNA and DNA clones of the respective genes 
from Arabdopsis. 
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WT cadl-3 vtcl-l 
Figure 1. GGT enzyme activity. Plants were treated for 24 hours with 50 pM of 
indicated metal chloride. • Control, • Zn, ® Cd, ®Cu. Error bars represent mean ± 
SD, n=6. * indicates statistically different than control for same genetic background 
according to Student's t-test. 
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Figure 2. Expression of GGTl with metal stress. Equal loading of RNA was confirmed 
by ethidium bromide visualization of rRNA (data not shown). A. RNA expression levels 
of GGTl with 24 hour treatment with 50 (xM of indicated metal. B. GGTl expression 
levels with increasing concentrations of CdC12. C. GG77::GUS transgenic seedlings 
showing expression of GUS when treated with 0 or 25 |iM CdC12 for 6 hours. 
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Figure 3. Expression patterns of GGT3 with 24 hours of Cd stress. Equal loading of 
RNA was confirmed by ethidium bromide visualization of rRNA (data not shown). 
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CHAPTER 5. 
GENERAL CONCLUSIONS 
Examination of the data presented in this dissertation leads to the necessity for closer 
scrutiny of the GSH mediated Cd response. The three components of this project have one 
unifying theme: GSH and PC biosynthesis and degradation are more complicated than even 
the current knowledge base has predicted. Demand for GSH when Arabidopsis is under Cd 
stress is increased, and the availability of GSH determines the extent of PC accumulation. 
Attempting to shift the balance of Cd accumulation to the leaf is more than just a 
matter of directing phytochelatin production to be leaf specific. While the production of PCs 
in the leaves only can partially rescue the cadl-3 mutant from its Cd sensitive phenotype, it 
does not facilitate a greater accumulation of Cd in the leaves. The partial rescue of this 
phenotype is interesting because we did not detect phytochelatins or PCS activity in the roots 
of c<2</-PCS transformant lines. This led to the conclusion that the function of Cd toxicity 
was ameliorated to some extent by PCs in the leaves, not by transport of PCs to the roots. 
When treated with Cd, the roots of cad-PCS plants had a large increase in GSH accumulation, 
and this may have provided some level of tolerance while the Cd was transported to the 
leaves whereupon it was complexed with PCs. Furthermore, this hyopothesis is supported by 
the fact that while the cadl-3 mutant had a large increase in GSH accumulation in both the 
leaves and roots upon Cd treatment it was still very sensitive to Cd. Therefore, PCs are 
required to be produced in some organs of the plant, but not all, in order to decrease the 
sensitivity of the plant to Cd. WT-PCS lines expressing additional AtPCSl in the leaves had 
an increase in tolerance to Cd but did not show an enhanced ability to accumulate Cd in the 
leaves. This led to the conclusion that Cd accumulation is not dependent upon the ability of 
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the plant to produce PCs, but also to translocate Cd. Cd accumulation can also be regulated 
by the amount of substrate available for PC production as has been shown in previous studies. 
Evidence that GSH levels can be increased when ascorbate concentrations are low is 
found in the vtcl-l mutant. Under our conditions tested, the vtcl-l has increased transcript 
levels of three key sulfur-assimilation genes when compared to WT under control conditions. 
Additionally, the vtcl-l mutant has increased y-glutamyl cysteine (y-EC) and glutathione 
(GSH) content under control conditions. This increase in phytochelatin (PC) precursors 
provides adequate substrate for an increased production of PCs when challenged with Cd 
stress. Although the mechanism by which the vtcl mutant is able to have a higher GSH 
content is not understood completely, it can be hypothesized that the redox balance of the cell 
is perturbed somewhat in this mutant, and to provide adequate level of protection against 
reactive oxygen species the plant increases the ambient GSH levels. Further studies are 
needed to address this question. Proposed experiments include artificially changing the 
ascorbate levels within the vtcl mutant and WT by either supplementing the growth media 
with additional ascorbate or inhibiting the production of ascorbate so that the plant has low 
concentrations of ascorbate. If the addition of ascorbate to the growth media of vtcl plants 
can restore GSH concentrations to WT levels, this would be the first definitive evidence that 
the concentration of GSH is dependent, in part, upon either the direct availability of ascorbate 
or by some cellular cue that is dependent upon ascorbate concentration. This idea could be 
further supported if artificially decreasing ascorbate in WT results in an increase in GSH 
concentration. 
While Cd treatment did not affect the components of the ascorbate-glutathione cycle, 
Cd treatment did affect the supposed pathway of GSH degradation. GSH degradation as far 
as it is regulated by y-glutamyl transpetidase (y-GTase) is influenced by the presence of Cd. 
y-GTase activity increased with Cd treatment as did the transcript levels of GGTl and GGT3. 
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This finding may result from the increased demand of GSH for PC production and in 
response the plant reallocates GSH from one organ to another and from the vacuole to the 
cytosol. Further studies in the response of the GGT pathway when challenged with metal 
stress are needed. No work has been done on this pathway under any stress conditions, so 
other stress treatments including H2O2, paraquat, jasmonic acid, and other metals are 
necessary. 
Finally, what can be said about all three of these components of this dissertation? 
The underlying theme is that the response of the plant to Cd is influencing GSH and PC 
production as well as GSH degradation, while AsA production is seemingly unaffected by Cd 
treatment under our conditions. GSH homeostasis is a very tightly controlled process, but the 
known control pathways can be overcome to an extent by stress conditions such as low AsA 
or high metal treatment without PC production. 
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APPENDIX A. 
ADDITIONAL FIGURES NOT INCLUDED IN TEXT 
PmeI (7184) 
RB 
Kpn I 
cab3P-1 
BamH I (602) 
C/al 
Xba I 
pBcabP-PCS 
Base vector pCB302-l 
Xiang et al 1998 
Pst I 
NOS-P 
35S-T Pme I (4177) 
Eco RV 
NOS-T 
Bsf XI 
BAR 
SflmH I (3636) 
Figure 1. Plasmid construction map showing the position of the chlorophyll a/b binding 
protein promoter (cab3P-l) and the phytochelatin synthase cDNA (PCS) from Arabidopsis 
thaliana. 
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cys - gly HgO amino acid cys - gly 
\ y \ / 
glu ———— y-glu - cys - gly —^—». y-glu - amino acid 
hydrolase (glutathione) 
y-glu - cys - gly transpeptidase 
cys - gly 
y-glu - y-glu - cys - gly 
Figure 2. Mechanism of glutathione degradation showing both the hydrolase and 
transpeptidase activities of y-glutamyl transpeptidase (y-GTase). 
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ATP ATP 
5-oxoprolinase 
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Y-glutamylcysteine synthetase 
ATP ADP + Pi 
Figure 3. Mechanism of y-GTase action in the extracytosolic space and and formation of 
GSH within the cell membrane. 
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Figure 4. Proposed model for GSH movement by the y-glutamyl transpeptidase genes, 
GGT1 and GGT2. 
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APPENDIX B. 
ANTIOXIDANT ENZYME PROFILES IN 
THREE MAPLE TAXA EXPOSED TO SALT 
INTRODUCTION 
Trees produced by the nursery industry are grown in ideal conditions to produce the 
most aesthetically pleasing stock to the customer. However, once incorporated into the 
landscape, many stresses are introduced that the tree had not previously experienced such as 
high light conditions, nutrient poor or heavy metal rich soil, and fluctuating water availability. 
All these conditions may contribute to oxidative stress within the plant. Antioxidants are 
known to be essential in providing protection against and tolerance to different factors that 
cause oxidative stress either directly or indirectly. 
Tolerance to the conditions mentioned is often attributed to anatomical features like 
increased root mass or decreased stomatal conductance. Beyond these features, there are 
many physiological processes that may contribute to the ability to tolerate harsh 
environmental conditions. One such physiological system is the capacity of the antioxidative 
system. We proposed to research the capacity of the antioxidative system within the 
horticulturally important genus, Acer (the maples). Our objective was to discover differences 
among three species of Acer with respect to levels of important antioxidative enzymes such 
as glutathione reductase, superoxide dismutase, ascorbate peroxidase, and catalase. 
Sugar maples as well as subspecies and cultivars of sugar maples are important trees 
for landscaping purposes. Their colorful fall foliage and relatively broad range make them 
popular choices for both home and urban landscapes. It is highly desirable to have trees that 
maintain their color and form in spite of constant and sometimes harsh stresses of the 
planned landscape. However, the sugar maples (including subspecies and cultivars) are 
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known to vary widely in their ability to withstand stresses. Most of the research done on 
stress resistance has utilized visible phenotype clues such as root/shoot ratios, leaf coloration, 
and durability while physiological processes are less studied. With that in mind, three 
different types of sugar maple with different tolerances to stress were chosen to investigate 
their short-term response to salt stress. 
•Sugar Maple: Acer saccharum 
Common sugar maple. The cultivar that was chosen is highly susceptible to stress as 
is evidenced by abundant leaf scorching 
•Black Maple: Acer nigrum 
An intermediately stress sensitive subspecies native to Iowa 
•Caddo Maple Acer saccharum (ecotype Caddo) 
A type of sugar maple native to Oklahoma. Maintains beautiful foliage in spite of hot, 
dry conditions. 
This research was conducted in hopes of establishing a correlation between the ability to 
thrive in adverse conditions and the ability of the antioxidative system to respond to stresses 
associated with these conditions. Trees, with their extended lifespan, must adapt to harsh 
environmental conditions continually over a prolonged period of time. In the urban 
landscape over time, newly planted young trees are highly stressed before they become 
established and can continue to experience stress as the plant ages and tries to grow in 
compacted soils surrounded by asphalt and concrete. This environment limits water 
availability and increases strain on larger plants. Poor air quality is another stress 
encountered by trees in the urban landscape. These stresses are known to cause oxidative 
stress, i.e. the production of reactive oxygen species such as hydrogen peroxide and the 
superoxide anion. 
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RESULTS AND DISCUSSION 
Stem cuttings from the three maple varieties were exposed to salt stress induced by 
placing their cut ends in 0 to 500 mM NaCl for 24 hours. To confirm that a stress actually 
occurred, DW/FW, electrical conductivity, and lipid peroxidation measurements were taken 
(Figure 1). There were no consistent trends with DW/FW ratios of leaf tissue that would 
indicate that the leaves wilted due to salt stress (Figure la). The lack of a significant stress 
was further supported by the electrical conductivity (Figure lb) and lipid peroxidation data 
(Figure lc). Electrical conductivity is a measure of electrolyte leakage from plant cells due 
to membrane damage caused by stress. It is anticipated that with the increasing intensity of a 
stress that the electrical conductivity will increase. This was not observed and in fact, none 
of the treatments resulted in electrolyte leakage significantly different from the control 
treatment in any of the three maple types. Lipid peroxidation is also a measure of damage to 
cells caused by stress. Once again, increasing lipid peroxidation is expected with increasing 
salt stress. This was not observed and the only real trend was the increase of lipid 
peroxidation to 100 mM NaCl followed by a decrease to 500 mM NaCl. 
These initial results suggest that the plants were not under stress in the conditions to 
which they were subjected. 
Enzyme assays supported the data that these stem cuttings were not experiencing 
stress that would cause changes in the antioxidant system (Figure 2). There is little 
difference among the three maple types in enzyme activity, with the exception of ascorbate 
peroxidase (Figure 2c). Black maple has a much higher Ascorbate peroxidase enzyme 
activity than does either Caddo or Sugar maple. Additionally, the Caddo maple showed a 
slight increase in activity to 100 mM NaCl followed by a decrease in activity to 500 mM 
NaCl. 
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When leaves from various genetically different plants within the same species were 
used for enzyme activity without being subjected to any stress treatment there were some 
interesting results. The Caddo maples had significantly higher enzyme activities for SOD, 
GR, and APX and significantly lower APX enzyme activity than either the Black or Sugar 
maples. In fact, the black and sugar maples were very similar in their enzyme activities as 
compared to the Caddo maple. 
Based solely upon these results, it is difficult to make any firm conclusions. Some of 
the possible problems could include the following: First, the leaves were too old. This 
experiment was conducted during the late summer when the leaves may have already started 
to senesce. Second, the exposure time for the leaves was too short. Although the cut leaves 
were equilibrated for two days prior to having salt treatment, the growth chamber had a 
relatively high humidity. The high humidity likely decreased transpiration and thus the effect 
that the salt would have on the cell. Third, there could have been other interfering problems 
such as the leaves were somehow damaged as a result of excision from the trees. Fourth, 
perhaps the antioxidative system was not challenged by the concentrations of salt found in 
this experiment. And fifth, perhaps the antioxidative system is not sensitive to the stress 
imposed by these conditions among these maples. 
Further research will have to be conducted with some modifications to see if there is a 
physiological way to measure ability to tolerate high stress conditions. 
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MATERIALS AND METHODS 
Processing of stem cuttings 
Stem cuttings from shade leaves of each maple type were placed in a growth chamber 
for two days under 12 hour daylength with 28/20 C day/night temperatures. After two days, 
the cuttings were treated with 0-500 mM NaCl for 24 hours. Plant tissues were harvested, 
and tissues used for analysis were frozen immediately in liquid Nz and stored at -80 C until 
extraction took place. In addition to enzyme activity, measurements of DW/FW of leaf 
samples, electrical conductivity, and lipid peroxidation were performed to confirm stress was 
occurring under NaCl treatment. 
Enzyme Activities 
Protein was extracted from frozen tissue according to the method of Pell et al. (1999). 
All enzyme assays were performed spectrophotometrically. Protein concentrations were 
determined using the Biorad Protein Assay (Biorad) based on the Bradford method (Bradford, 
1976) with BSA as standard. 
Glutathione reductase (GR) activity was measured according to Pell et al. (1999) in a 
reaction mixture containing 100 mM potassium phosphate, pH 7.8, 0.5 mM DTNB, 0.2 mM 
NADPH, 0.2 mM GSSG, and 50 jj.1 enzyme extract in a total volume of 1 ml. The change in 
absorbance at 412 was monitored for 1 minute. Ascorbate peroxidase (APX) activity was 
measured following the method of Nakano and Asada (1981) as described by Torsethaugen 
et al. (1997). Catalase activity was determined by an adapted method of Aebi (1983). The 
reaction mixture contained 100 mM potassium phosphate (pH 6.5), 1.0 mM EDTA, and 30 
mM H2O2. Total reaction volume was 1 ml with reaction mixture and approximately 100 |ig 
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of protein. The reaction was followed at A240 for 1 minute and the rate was determined by 
following the catalase dependent decomposition of H2O2 at A240 (s= 39.4 M"1 x cm"1). 
Superoxide dismutase reaction mixture contained 65 mM K+P04 (pH 7.5), 0.01 mM EDTA, 
0.5 mM xanthine, 0.13 mM cytochrome c, 0.025 units xanthine oxidase, and 200 jag protein. 
The activity was determined by following the inhibition of the reduction rate of cytochrome c 
between reaction mixtures with and without protein extract at 500 nm. (s = 15.3xl03 JIM"1 x 
cm"'for cytochrome c). 
Lipid peroxidation 
Damage caused by oxidative stress to lipids was estimated as the content of total 2-
thiobarbituric acid (TEA) reactive substances as described in Lima et al. (2002). Relative 
amounts of peroxidation were given as A^-A^o-
Electrolyte leakage 
Cellular membrane damage was estimated by measuring electrolyte leakage of cut 
leaf discs as described by Lima et al. (2002). Electrolyte leakage was estimated by using a 
conductivity meter and expressed as a measure of total conductivity (obtained after placing 
containers in a 90 °C oven for 2 hours) minus conductivity at 6 hours. 
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Caddo Maple Black Maple Sugar Maple 
Figure 1. Stress measurements of Black, Caddo and Sugar Maples. D 0,110, 
0 100, E3 250,• 500 mM NaCl treatment for 24 hours. A. DW of leaves as % of 
FW. B. Electrical conductivity as a difference between 6 hours and after heating . 
C. Lipid peroxidation. Values indicate means ± SD, n=16 
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Figure 2. Enzyme activities of Black, Caddo and Sugar Maples. • 0, • 10,0 100, 
E! 250,• 500 mM NaCl treatment for 24 hours. A. Superoxide dismutase. B. 
Glutathione reductase. C. Ascorbate peroxidase. D. Catalase. values indicate 
means ± SD, n=16 
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